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1. INTRODUCTION 
Spatial processes are crucial for determining the structure and dynamics of populations and 
communities (Nathan and Muller-Landau, 2000). Moreover, the establishment of trees in an 
ecosystem is the composite of two distinct spatial processes: (i) seed production and dispersal 
and (ii) spatial patterns of recruitments (Clark et al., 1998; Nathan and Muller-Landau, 2000). 
Understanding the factors that shape the spatial distributions of species has important 
implications for managing an ecosystem (Hoffmann et al., 2012).  Moreover, the study of the 
spatial patterns of natural vegetation is a crucial aspect because it affects future processes 
(Dale, 1999). The present study deals with aspects of the regeneration ecology of typical 
cerrado woody species Qualea grandiflora (Mart.) and Aspidosperma tomentosum (Mart.).  
 
The cerrado biome represents by far the largest savanna region in South America. It is 
distributed mainly in central Brazil and parts of northeastern Paraguay and eastern Bolivia 
(Ab’ Saber, 1977) (Figure 1.1). The distribution of the cerrado biome is determined by 
seasonal pattern of precipitation, low soil fertility, free drainage, a regular fire regime and 
influence of climatic fluctuations (Oliveira-Filho and Ratter, 2002). Understanding the factors 
which govern the spatial distribution and environmental aspects influencing the dynamics of 
plants have important implications for developing management strategies and protection 
measures for the cerrado formation (Hoffmann, 2000; Ruggiero et al., 2002; Hoffmann, et al. 
2012). Some management or conservation strategies are: (i) avoidance of fragmentation of the 
ecosystem (Klink and Machado, 2005), (ii) enhance seed germination by collecting seeds and 
sowing in moist season if necessary (Vieira and Scariot, 2006), (iii) maintain in ecosystem 
seed trees of vulnerable species to assure biodiversity within the cerrado (Guariguata and 
Pinard, 1998). Dynamics of plant populations is determined by sexual reproduction, 
vegetative reproduction, seedling establishment, and survival of seedlings according to 
Hoffmann and Moreira (2002, in: Oliveira and Marquis). Furthermore, limiting constraints for 
recruitment in cerrado ecosystems are mainly water stress, high temperatures, fire events, and 
nutrient availability (Skarpe, 1991; Hoffmann, 2000). 
 
 
 
Figure 1.1: 
Ratter, 2002)
 
The establishment of the savanna ecosystem by 
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Figure 1.2: Stages of the regeneration cycle of study species Q. grandiflora (outer pictures) 
and A. tomentosum (inner pictures) 
 
Fire deserves a special attention as being one of the main factors which in cerrado or savanna 
formations prevails and affects directly all stages within the regeneration cycle (Figure 1.2). 
The dry season is the peak period for reproductive activity in the majority of woody species in 
the cerrado formation (Sarmiento and Monasterio, 1983) and concisely coincide with the fire 
period, therefore flowering and seed production which may be affected significantly and 
result in a reduction in flower and seed production (Setterfield, 2002). Furthermore, as a 
consequence of reduction on flowers and seeds, seed limitation may arise from limited seed 
numbers and/or limited dispersal of available seeds among sites (Clark et al., 1998). Salazar et 
al. (2012), showed a high seed limitation of woody species in a cerrado formation, particularly 
in open landscapes resulting in low tree densities which may explain the spatial variation of 
tree abundance along the cerrado topographic gradients. On the other hand, fire also may 
trigger germination by either heat or smoke for some species (Bond and Keeley, 2005; 
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Shakleton, 2007). Recruitment or seedling limitation in cerrado formations may also be 
influenced by fire events (Hoffmann, 2000; Mistry et al., 1998). Fire may act as a removal 
competition agent; also changes light availability in the soil and soil structures which enables 
or enhance the establishment of seedlings (Tyler and D'Antonio, 1995). Moreover, fire can 
have a more local effect in maintaining the spacing of savanna trees or in segregating tree 
cohorts of different ages according to Cooper (1961). (Dale, 2000). Patterns of spatial 
distribution among woody plants also seem to alter as a consequence of fire (Mistry, 1998). 
Sambuichi (1991) demonstrated that trees and shrubs change from a random distribution in 
periodically burned areas to an aggregated distribution in fire protected areas.  
 
Regarding the establishment of recruitment, which is a key stone within the regeneration 
cycle of the species, Harper (1977) discussed that the availability of seeds and “safe sites” for 
germination and establishment of seedlings also play an important role in successful 
recruitment. According to Schupp (1995), differences of suitability in the site lead to patch-
dependent differences in survival, germination, establishment and growth; and consequently 
resulting in a conversion of an initial landscape pattern of seed dispersal into a final landscape 
pattern of adult trees. Additionally, the most critical stages may be seed survival, germination 
and early seedling growth and survival. It is clear from many studies that the variability of 
environmental conditions has direct effect on the growth and spatial patterns of plants (Nathan 
and Muller-Landau, 2000).  
 
According to Nathan & Muller-Landau (2000), spatial ecology and study of seed dispersal are 
key aspects which determine the spatial structure of plant populations. Moreover, recent 
studies made progresses in elucidating mechanisms behind patterns of seed dispersal in 
relation to distance to parent trees and their implications for recruitment success (Augspurger 
and Kitajima, 1992; Clark et al., 1998; Dalling et al., 2002; Nathan and Casagrandi, 2004; 
Sagnard et al., 2007). Additionally, spatial pattern is the result of past process (Dale, 1999), 
such as seed dispersal and serves to develop hypothesis about how controlling biological or 
environmental processes work. It is a crucial aspect of natural regeneration because it affects 
future processes, such as establishment, growth, reproduction, senescence and mortality.  
 
The present study attains the understanding of seed dispersal and spatial distribution of the 
natural regeneration of cerrado study species Q. grandiflora and A. tomentosum. Additionally, 
special attention is given to spatial patterns of seed dispersal and establishment of seedlings in 
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relation to distances effect of recruitment to seed trees. In this sense, the purpose of the study 
was to investigate aspects of the different development stages and connecting processes of the 
regeneration cycle of 2 typical cerrado tree species Qualea grandiflora (Mart.) and 
Aspidosperma tomentosum (Mart.). More precisely, the aspects to be attained in the present 
study are: (i) the characteristic parameters of the anemochorous seed dispersal of study 
species Q. grandiflora, (ii) spatial distribution of tree species Q. grandiflora for all growth 
stages (germinant to adult tree) and interrelations between the stages, and (iii) determining 
variables of the spatial distribution of recruitment of tree species A. tomentosum. Analysis of 
seed dispersal of tree species A. tomentosum is not presented in the study due to the low 
amount of produced seeds during the study years.  
 
Overall, the study aims to understand the processes of regeneration ecology and spatial 
patterns of the study cerrado tree species Q. grandiflora and A. tomentosum. These ecological 
processes are considered to be relevant to ensure sustainable regeneration of the study tree 
species. Furthermore, study of spatial processes leads to determine the structure and dynamics 
of populations and communities (Nathan & Muller-Landau, 2000). Therefore, the hypotheses 
of the present study are the following: 
 
Hypothesis 1: Seed dispersal of tree study species Q. grandiflora can be modeled by standard 
inverse models to estimate dispersal probabilities in distance and azimuth direction. 
It is assumed that seed dispersal of study tree species Q. grandiflora can be modelled by the 
inverse model approach considering that seeds are anemochorous, the landscape is open and 
seed trees are sparsely distributed (Jeltsch et al., 1996). In this sense, inverse model is an 
appropriate tool to estimate seed dispersal as a function of the distance and azimuth direction. 
Additionally, regarding results of inverse modelling, further expectations were derived for the 
present study and specific hypotheses are the following:  
 
Hypothesis 1a. A lognormal seed density kernel is appropriate to model the distance effect in 
seed dispersal.  
It is expected to model seed dispersal of study tree species Q. grandiflora assuming lognormal 
which accounts for an optimal density function. According to published results of Greene et 
al. (2004), lognormal as seed density function is preferred for wind dispersed species. 
Moreover, also additional studies demonstrated good fits of the model by assuming lognormal 
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as function for anemochorous tree species (Greene and Johnson, 1989; Stoyan and Wagner, 
2001; Näther and Wälder, 2003). 
 
Hypothesis 1b. Directionality effect is of importance to the seed dispersal pattern of study 
species, therefore anisotropic modelling is more appropriate. 
Anisotropic modelling is a more appropriate approach to describe seed dispersal of study 
species Q. grandiflora considering the relative homogenous open landscape and prevailing 
wind directions which may cause a directional deposition of seeds, meaning higher seed 
densities in one direction or azimuth. According to Wagner et al. (2004), directionality should 
be considered in models for at least two reasons: (i) ignoring directionality might reduce the 
quality of results and (ii) assumptions of isotropy may result in lower correlation coefficients. 
Moreover, several studies acknowledge that anisotropy model improved the results obtained 
in isotropic models for wind dispersed species (Kohlermann, 1950; Kitajima and Augspurger, 
1989; Wagner et al., 2004; Wälder et al., 2009; van Putten et al., 2012). Accounting 
directionality in seed dispersal also represents the reality observed in nature (Wagner et al., 
2004).  
 
Hypothesis 2: Height and distance of seedlings to seed tree is positive correlated for study 
species Q. grandiflora. Moreover, taken height as a surrogate for age, offsprings are located 
far from parent trees as they grow older. 
Distance of recruitment from conspecific adult trees of tree species Q. grandiflora is expected 
to increase with the advance of growth stages following the Janzen-Connell hypothesis. The 
theory proposes that distance-responsive enemies center their attacks around the seed tree, 
killing a high proportion of seeds and seedlings with increasing proximity to adult trees. This 
is explained by the ecological processes and environmental factors playing an important role 
defining the spatial distribution of plants (Wada and Ribbens, 1997). Furthermore, evidence 
for escape hypothesis (Janzen, 1970; Connell, 1971) has been demonstrated by various studies 
(Augspurger, 1983; Howe et al., 1985; Clark et al., 1998; Greene et al, 2004; Seidler and 
Plotkin, 2006). Distance effects of seedlings to seed trees with increase of growth stages for 
study species Q. grandiflora has so far not be attained. Moreover, Wu et al. (1985) discussed 
interaction of plants considering the spatial effect of roots, cover and stem of individuals 
(Ecological Field Theory) which may influence as well the spatial shift of seedlings and 
juveniles in relation to distance to conspecific adults.  
 
- 1. INTRODUCTION - 
 
7 
 
Hypothesis 3: Aggregated spatial arrangements for tree species Q. grandiflora are expected 
for seedlings (height ≤ 200 cm) with an overall tendency to random distribution; whereas 
juveniles (200 – 500 cm height) show random spatial pattern 
The shift of random to more aggregated patterns for seedlings may be explained by 
interaction of environmental factors related to dispersal and low microsite requirements for 
initial growth of study species (Felippe and Dale, 1990; Paulilo et al., 1998). This suggests 
that some areas within the population, where aggregation of seedlings is present, will 
primarily be safe site limited, and other areas far from existing seedlings will be primarily 
seed limited (Satterthwaite, 2007) 
 
Hypothesis 4: Seedlings (heights ≤ 200 cm) of study tree species A. tomentosum show 
aggregated spatial patterns as a result of previous ecological process of seed dispersal and 
presence of vegetative reproduction. The spatial distribution of A. tomentosum seedlings as a 
result of distant-dependent seed dispersal from mature trees can be assumed as less 
detectable. 
Aggregated spatial pattern is expected for tree species A. tomentosum as a result of vegetative 
reproduction after fire events or density-mortality dependency (Harper, 1977; Augspurger, 
1984). Furthermore, clumped patterns is a common spatial distribution observed in savanna 
ecosystems (San José et al., 1991; Skarpe, 1991; Jeltsch et al., 1996; Ishara and Maimoni-
Rodella, 2010). Spatial aggregation of woody species may be due to influences of mainly fire 
(Hoffman, 2000; Bond and Keeley, 2005), vegetative reproduction system (Rizzini, 1965) or 
limited availability of safe sites (Salazar et al., 2012). Thus, small aggregates or clumps are 
typical for the spatial distribution of A. tomentosum recruitment (stem basal area > 3 cm) 
(Ishara and Maimoni-Rodella, 2010). Moreover, Durigan et al. (2002) also confirmed cluster 
patterns for individuals (diameter at knee height ≥ 5 cm at 50 cm from soil and individuals 
with heights > 50 cm and diameter at knee height < 5 cm) of study species A. tomentosum.  
 
Hypothesis 5: Shade and distance effect influences significantly the establishment of seedlings 
(heights ≤ 200 cm) of study species A. tomentosum. 
It is expected that shading affects the establishment of seedlings of tree species A. tomentosum 
in a positive way, meaning that seedling density is expected to increase with increase of shade 
effect. Markesteijn and Poorter (2009) presented the results of response of seedlings (5 – 29 
cm height) in relation to light availability and stated that the study species A. tomentosum is to 
be mainly found under shade conditions (crown exposure = 1.31; varying light increasingly 
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from 1 = shade and 5 = full light exposure). Hoffmann (1996) has shown that cover improved 
seedling establishment of 12 tree species in the cerrado formation. Water stress is critical in 
the early stages of establishment of seedlings in savannas and in later stages nutrient 
availability plays an important role (Belsky et al., 1990). Conditions of nutrient and water 
availability are improved under shade conditions in comparison with open landscapes 
(Belsky, 1994; Holmgren et al., 1997). Under these mentioned premises shade might have 
positive effect on establishment of study species A. tomentosum.  
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2.  MATERIALS AND METHODS 
2.1  CHARACTERIZATION OF THE CERRADO BIOME 
The present study was attained in the cerrado biome characterized as a woody savanna which 
is spread in South America. It is one of the largest biomes originating in Brazil and in year 
2004 covered approximately 2 million km2 (IBGE, 2004), mostly in the central region of the 
country (Eiten, 1972). Nowadays, MMA-IBAMA (2011) mentions, that the cerrado covers 
around 1.04 million of km2with extensions in north-eastern Paraguay and eastern Bolivia 
(Ratter et al., 1997; Silva and Bates, 2002). Moreover, according to Myers (2000) the cerrado 
represents one of the 25 hotspots most threatened in the world and only 2.2% of its area has 
legal protection (Marris, 2005). The cerrado has been severely fragmented and degraded due 
to deforestation over the past 5 decades, due to land use change to cultivation of cash crops 
and cattle raising according to Moreira and Klink (2002, in: Oliveira and Marquis). The 
cerrado biome was named after the vernacular term for its predominant vegetation type, a 
fairly dense woody savannah of shrubs and small trees. The term cerrado (Portuguese for 
“half-closed”, “closed” or “dense”) was probably applied to this vegetation originally because 
of the difficulty to ride across on a horseback according to Oliveira and Marquis (2002, in: 
Oliveira and Marquis). 
 
This biome encompasses different vegetation types, and is technically termed Cerrado sensu 
lato and is characterized by diverse vegetation types (Figure 2.1) which vary from open 
grasslands (campo limpo) to dense woodlands (cerradão) with a canopy height of 12 to 15 m 
(Ratter et al., 1997). The cerrado sensu lato comprises three intermediate formations: campo 
sujo, described as grassland with a scattering of shrubs and small trees; campo cerrado, where 
there are more shrubs and trees but still a larger proportion of grassland; and cerrado sensu 
stricto, where trees and shrubs dominate but with a fair amount of herbaceous vegetation 
(Coutinho, 2002). Fieldwork for analysis of seed dispersal was concentrated mainly in 
“campo cerrado”, “cerrado sensu stricto” and “cerradão”. Cerrado is the name which will be 
used throughout this manuscript making reference to the “cerrado sensu lato” as described 
above and the other vegetation types of the cerrado biome will be indicated by clear 
distinguishing names.  
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Features Campo 
limpo 
(clean field) 
Campo sujo 
(dirty field) 
Campo 
cerrado 
(closed field) 
Cerrado 
sensu stricto 
Cerradão 
Short 
description 
Dry 
grassland 
without 
shrubs or 
trees 
 
Grassland 
with a 
scattering 
shrubs and 
small trees 
Scattered 
trees and 
shrubs and a 
large 
proportion of 
grass 
Vegetation is 
dominated 
mainly by 
trees and 
shrubs  
 
Closed 
woodland 
 
Canopy 
cover (%) 
0 1- 2 < 30 30 - 40 50 -90 
Trees per 
hectare 
0 850 1400 2250 3200 
Height of 
stand (m) 
0 3 4 6 9 
 
     
Figure 2.1: Cerrado sensu lato vegetation types according to Eiten (1972) and Oliveira-Filho 
and Ratter (2002), modified. Examples of vegetation types present in Aguara Ñu below the 
scheme 
 
Regarding biodiversity present in the cerrado formation, Rizzini (1963) and Heringer et al. 
(1977) recorded a total of 774 of tree and large shrubby species1 belonging to 261 genera, of 
which 336 species (43%) were regarded as endemic to the vegetation. The total amount may 
indeed reach 973 species of vascular plants estimate according to Costa (1999). Moreover, 
Oliveira and Gibbs (2002, in Oliveira and Marquis) has shown that a large part of cerrado 
species are obligate outbreeders, meaning that genetically unrelated individuals mate. 
Therefore, as a consequence the biodiversity of species increases. Additionally, cerrado biome 
presents barriers to interspecific hybridization, like seasonal isolation, internal genetic barriers 
and differences in pollination systems (Ratter et al., 1997). The most important families in 
terms of species numbers, using the fairly conservative figures of Heringer et al. (1977) are, 
Leguminosae (153 spp.), Malpighiaceae (46 spp.), Myrtaceae (43 spp.), Melastomataceae (32 
                                                            
1Large shrubs are in this context regarded as plants attaining 2 m in height and having perennial aerial 
woody shoots and trees are woody plants with heights larger than 2 m. 
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spp.), and Rubiaceae (30 spp.). In many areas the vegetation is mainly dominated by 
Vochysiaceae with main abundance of tree species of genera Qualea (Qualea grandiflora 
Mart., Qualea parviflora Mart. and Qualea multiflora Mart.) (Oliveira-Filho and Ratter, 
2000).  
 
The most important ecological aspects which define and characterize the cerrado biome are 
water stress due to long periods of drought, low nutrient availability in soil, intervention of 
fire and high temperatures (Cole, 1960; Hoffmann, 2000; Nardoto et al., 2006). These 
mentioned factors are at the same time constraints for species in the cerrado.  As mentioned 
by Neri, et al. (2012) today is widely accepted that climate, soil and fire together have a 
relevant effect on the cerrado vegetation. Moreover, dry season favors the occurrence of fire 
that at the same time hinders the establishment of forest species and also causes soil 
impoverishment. In this sense, aluminum is an element which is present in the soil in high 
concentration and cerrado species have great tolerance to it (Ratter et al., 1997; Nardoto et al., 
2006). Regarding the fire factor, cerrado species are tolerant to fire and they show 
adaptations, such as thick corky bark or xylopodia (lignotubers). Nevertheless, frequent 
burnings cause destructions of established individuals, particularly shrubs and trees and favors 
the herbaceous element at expense of the woody component (Ratter et al., 1997).  
 
2.2 DESCRIPTION OF THE STUDY AREA AND STUDY SITES 
The study was conducted in the cerrado formation Aguara Ñu (centred on 24°10’S, 55°17’W) 
covers an area of around 6000 ha and is located in the Mbaracayú Nature Forest Reserve 
(MNFR) in the Department of Canindeyú between 55°20’– 55°33’W latitude and 23°59’–
24°16’S longitude in the Oriental Region of Paraguay.  The reserve has 64406 hectares of 
continuous forest which belongs mostly to the Atlantic Forest formation according to 
Holdridge (1947 and 1966, Lamprecht 1990) and is classified as a warm temperate moist 
forest. Most of the reserve lies between 140 and 150 m above sea level and a series of rolling 
hills known as the Sierra de Mbaracayú provides topographical relief. Around 92% of the 
reserve is covered by different forest formations of the Upper Paraná Atlantic Forest 
(BAAPA) 5.2% covered by cerrado formations and 2.8% by other vegetation formations 
(FMB, 2005). The BAAPA represents a region which covered in the past an area of ca. 1.1 
million km, stretching along the eastern Brazilian coast between latitudes 6 and 30°S. It 
represents the second largest tropical moist forest area in South America after the vast 
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Amazonian domain. Additionally, BAAPA is subjected to continuous deforestation, 
(Oliveira-Filho and Fontes, 2000). 
 
Moreover, the cerrado Aguará Ñu is a low plateau, 170-270 m above sea level, bounded on 
three sides by two rivers: Arroyo Guyrá Kehá and Río Jejui’mí. Its weathered, ultisol soils 
support a variety of habitats, including xerophytic woodland, yata’i (Butia paraguayensis) 
palm savanna, ‘campo cerrado’ (open grasslands with scattered shrubs, trees and palms), 
islands of forest, seasonally saturated grasslands, marshes and gallery forests. The dominating 
climate in the cerrado Aguará Ñu is seasonal tropical with dry winter. Mean annual 
temperature oscillates between 22 to 23°C and mean monthly temperatures present small 
seasonality. Maximum monthly temperatures vary and can reach 40°C and minimum values 
close to 0°C during May, June and July (Figure 2.2). It is also common to have frost in the 
cerrado. Annual precipitation is between 1200 and 1800 mm and it may be very seasonal, 
concentrating during spring and summer (October to March), which is the rainy season. 
Between May and September levels of precipitation may be strongly reduced (Klein, 2000). 
 
 
Figure 2.2. Mean monthly precipitation (histograms) and temperature (red line) for study site. 
Precipitation and temperature data from Corpus Christi (24°04′44″S 54°56′23″E), Canindeyú 
(source: www.climate-data.org) 
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Most of fieldwork for the analysis of seed dispersal was done in the northeast and central part 
of the cerrado Aguara Ñu, where the cerrado vegetation types campo limpo, campo sujo, 
campo cerrado, cerrado sensu stricto and cerradão occur in the area in forms of patches.  
Some representative plant life forms found in the research area were palms (e.g. Butia 
paraguariensis), shrubs (e.g. Duguetia furfuracea, Campomanesia pubescens), herbs (e.g. 
Mimosa dolens), vines (e.g. Smilax sp.), trees (e.g. Annona sp., Qualea grandiflora) and 
grassland.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Location of study sites within the cerrado Aguara Ñu and the different vegetation 
formations. Dark green (forest formation – 1700 ha), brown (gallery forest – 130 ha), pink 
(open cerrado formation – 2550 ha), light green (cerradão – 520 ha), turquoise (wetland – 880 
ha) and yellow (grassland – 275 ha) 
 
Furthermore, within the cerrado Aguara Ñu 3 study sites (Fig. 2.4) were defined based on 
certain principles or criteria of selection described in section 2.4 page 12. The 3 study sites 
description where analysis of the present study took place is characterized as following:  
 
- Site 1: It is located in the north east of Aguara Ñu (24°9’1.28” S, 55°15’ 31.56” W) and the 
main vegetation formation present in the area belongs to “campo cerrado” (Coutinho, 1972) 
with presence of shrubs, scattered trees and grasslands. Some most frequent species found in 
CERRADO AGUARA ÑU 
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the area were Campomanesia pubescens, Allophylus edulis and Duguetia furfuracea among 
others.  
- Site 2: It is located in the south of Aguara Ñu (24°10’15.8” S, 55°, 15’56” W) and main 
vegetation formations were “campo cerrado” and “cerradão” (Coutinho, 1972). The 
“cerradão” has an average size of approximately 3000 m2 and it is presented as an island or 
patch within the “campo cerrado”. Most frequent species found in campo cerrado were 
Campomanesia pubescens, Rapanea sp. and Anadenanthera peregrina among others. In the 
“cerradão” some most frequent species were Bromelia balansae, Anadenanthera peregrina 
and Duguetia furfuracea.  
- Site 3: It is located in the east of Aguara Ñu (24°9’37.99” S, 55°15’36.91” W) and the main 
vegetation formations belong to “cerrãdao”, “campo cerrado” and “campo sujo”. “Campo 
cerrado” is presented in the area as a transition between “campo sujo” and “campo cerrado”. 
 
 
Figure 2.4: Location of study sites in Aguara Ñu 
 
Characterization of the vegetation in study sites was based on the vegetation inventory 
performed in September 2015 in sites 1 and 2. Information on species frequencies, heights 
and cover of vegetation is not available for site 3. The methodology to characterize the study 
sites where the analysis of seed dispersal and spatial pattern analysis was attained consisted 
on:  
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1. Establishment of a total of 72 sample plots of 4 m2 (2 x 2 m) in a systematic manner 
and their location followed the design of seed dispersal traps in the mentioned sites 
(Figure 2.5). 
 
Figure 2.5: Vegetation sample plot design in study sites 1, 2 and 3 
 
2. In each sample plot identification of the plants to species level was attained (in 
case possible) and classified according to the different vegetation layers presented 
in Table 2.1. Furthermore, heights of species were recorded and also the cover 
within the sample plot was registered. Heights were measured with a folding tape 
or estimated for larger trees and cover was visually estimated. 
 
Table 2.1: Vegetation layers considered for analysis in the cerrado for the present study.  
Vegetation layer Description 
1. Tree layer Woody plants with DBH ≥ 5 cm and height > 2 m incl. 
palms 
2. Shrub layer Woody plants with DBH < 5 cm and height ≥ 1 to ≤ 2 m 
3. Herb layer Herbaceous plants with heights < 1 m incl. grass and vines 
4. Natural regeneration layer Woody plants with heights < 1 m 
 
The frequency distribution of cover, heights and amount of individuals classified in the 
different vegetation layers for study sites 1 and 2 considered for the present study are 
presented in Figures 2.6, 2.7 and 2.8. 
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Figure 2.6: Frequency of individuals for the different vegetation layers considered in the 
present study for sites 1 and 2 
 
 
 
Figure 2.7: Cover of vegetation layers within the study sites 1 and 2 
 
Herb Layer NR Layer Shrub layer Tree layer
Site 1 18264 24722 3299 4028
Site 2 20625 28750 2535 5660
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Figure 2.8: Heights of vegetation layers in the study sites 1 and 2 
 
Fire events are characteristic of cerrado formations which occur regularly every 2 to 3 years in 
cerrados of Brazil (Eiten and Goodland, 1979), primarily induced by man. In the cerrado 
Aguara Ñu the frequency of fires is yearly since 2010 with exception of year 2013 and it 
occurs mainly during months of September and August (Figure 2.9). Moreover, the intensity 
of fires varies each year depending on the amount of combustible vegetation present in the 
area during fire and also the climatic conditions, mainly wind velocity and percentage of air 
humidity. Therefore, fire in Aguara Ñu occurs normally in patches within the reserve.  
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 Oct 2011 Sep 2014 Oct 2014 Mar 2015 Aug 2015 Sep 2015 Sep 2016 
Site 1 
       
Site 2 
       
Site 3 
       
 
Figure 2.9: Fire events periods between years 2011 and 2016 in the cerrado Aguara Ñu. 
Colours varying from green to red represents the frequencies of fire (1 to 6, respectively) 
registered in the study area.  
 
Following, a diagram is presented showing the study focus for the cerrado study species and 
the sites where the study was carried out (Figure 2.10) 
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Figure 2.10: Study focus of study tree species Q. grandiflora and A. tomentosum and location 
of study sites 
 
2.3  CHARACTERIZATION OF THE STUDY TREE SPECIES 
2.3.1 Qualea grandiflora (Mart.) 
Tree species Qualea grandiflora (Mart.) is an arborous deciduous and anemochorous (seed 
dispersal by wind) species native to the Brazilian savanna, so called cerrado, being usually 
found on high, dry and well drained terrains. It reaches heights of 10 to 15 m, presents 
winding trunk with suberose, quite thick cortex, young branches are tomentose, older ones are 
scaly (Negrelle, 2011). The species presents decussate leaves, discolor blade with varying size 
and shape from oblong or elliptic. Inflorescence thyrsoid laxa 20 cm long and fruits are 
loculicidal ovoid capsules (Negrelle, 2011). According to Lorenzi (1992), Q. grandiflora is a 
monoecious species pollinated by sphingids, moths and wild bees (Silberbauer-Gottsberger, 
2001). Studies have shown that Q. grandiflora is highly dependent on pollinators (Barbosa, 
1983; Silberbauer-Gottsberger, 2001; Oliveira and Gibbs, 2002). The viability of the pollen of 
Q. grandiflora is high, at between 70% to 97% (Moreira et al., 2009; Borges et al., 2011; 
Barth and Luz, 2014). However, Borges et al. (2011) demonstrated that isolated flowers not 
visited by pollinators do not develop fruits. Barbosa (1983) demonstrated auto-incompatibility 
in Q. grandiflora. It is a heliophytic and selective xerophytic, being pioneer species adapted to 
poor lands (Dousseau et al., 2013).  According to Lisboa (2000), Q. grandiflora Mart.  is a 
species which belongs to the genus Qualea Aubl., family Vochysiaceae A. St.-Hil., a 
neotropical genus with approximately 60 species, restricted to Central and South America, 
occurring in rain forests as well as in cerrados (savannas) (as cited by Negrelle, 2011). It is a 
Seed dispersal   Natural regeneration 
analysis 
Site 1  
- MDD Q. 
grandiflora 
- Distance effect 
and directionality 
- Estimated seed 
production for 
mature trees 
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Site 2 and 3 
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saplings to single seed tree 
- Shading effect on seedling distribution  
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-2. MATERIALS AND METHODS - 
24 
 
wide spread species all over the Brazilian cerrados. It is mainly found on high, fry, well 
drained ground.  
 
Q. grandiflora is considered to be one of the widest spread tree species in the cerrado biome 
(Eiten, 1972; Costa and Santos, 2011), it is estimated occurrences of around 85% based on a 
floristic analysis of the Brazilian cerrado vegetation (Antiqueira and Kageyama, 2014). 
Silvicultural knowledge of this species is scarce (Ribeiro et al., 2013), especially regarding 
certain aspects of regeneration ecology such as distance, seed densities or dispersal 
directionality. 
 
Diaspores are approximately 12 mg and 36.65 mm long (Kutschenko, 2009) samara-like 
winged seeds that autorotate when falling (Augspurger, 1986). It yields annually a large 
quantity of viable seeds, which are disseminated only by wind. Fruits ripen from August 
through September, when the tree is almost bare of leaves (Lorenzi, 2002).  
 
2.3.2 Aspidosperma tomentosum (Mart.) 
The species Aspidosperma tomentosum (Mart.) is considered to be a heliophyte, 
semideciduous, selected xerophyte tree species which belongs to the Apocynaceae family, 
distributed in the cerrado biome, mainly in cerrado and cerradão ecosystem of the central 
west, northeast and southeast regions of Brazil, also present in Paraguay and Bolivia. Its 
distribution is continuous but sparse along its area of distribution. It is mainly known by the 
vernacular name of peroba-do-campo, peroba-do-cerrado, among other names. It reaches 
heights ranging from 5 to 8 m (Lorenzi, 1992). Bark is thick which allows it to survive the 
action of fire, so that its occurrence increases in dry years in detriment of other more sensitive 
species. Leaves are alternate, blade obovate to obovate-elliptic. Inflorescence subterminal, 
many-flowered, densely villous and flowers are yellowish white. Fruit is semiwoody (follicle) 
dehiscent, with 4 to 8 membranous seeds in each. The tree species yields yearly a moderate 
quantity of viable seeds (Lorenzi, 2002). The breeding system is monoecious (Oliveira et al., 
2004).  This species is widespread in Brazilian cerrados, reaching regions of Bolivia and 
Paraguay (Simões & Kinoshita, 2002). Morphology of the diaspore of tree species is 
undulator (Augspurger, 1986), flattened, rounded and winged throughout all its extension, 
color light brown and dark yellow, slightly rough, fine and fragile tegument. Seeds are 3.2 to 
4.1 cm long, 2.1 to 2.9 cm wide and 0.05 cm thick (Montoro, 2008).  
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Regarding its phenology, different literature sources register different flowering and fruiting 
periods. Ezcurra, et al. (1992) mentions that flowering of A. tomentosum in Paraguay occurs 
from August to November and fruiting from August to April. Growth behavior of this species, 
Ishara and Maimoni-Rodella (2010) showed that A. tomentosum presents high clump values 
for individuals with diameter at breast height (DBH, 130 cm) larger or equal to 3 cm.  
 
2.4 PRINCIPLES AND SELECTION CRITERIA  
Focus of the present study was the analysis of seed dispersal and spatial patterns of 
individuals of tree species Q. grandiflora and spatial patterns of natural regeneration of 
cerrado tree species A. tomentosum. The interest of study of these ecological aspects of the 
mentioned species is to understand the dynamics in the plant community. Therefore, some 
considerations were taken into account for the selection of the study sites within the cerrado 
Aguara Ñu. Criteria selection for the study of the regeneration ecology of study tree species 
Q. grandiflora and A. tomentosum were the following: 
 
- Presence of natural regeneration and seed trees of study tree species. Considering that 
both study species are not present in all the extension of the study area Aguara Ñu, a 
previous reconnaissance study together with the rangers of the reserve was performed 
to locate study tree species in the area. Following, once the study tree species were 
located in the field an aspect to consider for the selection of the study site was the 
presence of natural regeneration. 
 
- Presence of isolated seed tree of study tree species. In this sense, for the study of seed 
dispersal of study tree species Q. grandiflora, an optimal condition for the analysis of 
the diaspore dispersal would have been the presence of isolated seed trees without any 
influence of other conspecific adult trees of same species (Stoyan and Wagner, 2001). 
Nevertheless, this condition was unfortunately not met for the study species Q. 
grandiflora which was found in groups in the study area.  
 
- Seed trees of study tree species present fruits. This information was gathered by direct 
observation in the area complemented and also was provided by the rangers of the 
reserve. This condition had to be met in order to analyze seed dispersal of study tree 
species Q. grandiflora as well for the evaluation of distance effect of recruitment to 
seed trees. Moreover, this condition was also considered for the spatial pattern 
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analysis of tree species A. tomentosum to evaluate the distance effect of recruitment to 
seed tree.  
 
2.5 DATA COLLECTION 
The main focus of the study was to analyze the following ecological aspects: (i) seed 
dispersal, mean dispersal distances (MDD) and seed production of study tree species Q. 
grandiflora, (ii) spatial distribution of individuals and distance effects to seed trees of tree 
species Q. grandiflora and, (iii) spatial arrangement distribution of natural regeneration, 
distance effects to seed trees and shading effect on establishment of natural regeneration of 
tree species A. tomentosum. 
 
2.5.1 SEED DISPERSAL  
Methods for collecting seed dispersal data consisted on first carrying out a reconnaissance 
study in order to identify in the field isolated seed trees of study species Q. grandiflora in the 
area of the cerrado Aguara Ñu together with the rangers of the Mbaracayú Nature Forest 
Reserve. Seed dispersal data of study tree species Q. grandiflora was registered during years 
2015 and 2016 in site 1 within the cerrado Aguara Ñu. 
 
Data collection for seed dispersal analysis was attained by the establishment of seed traps 
followed the design proposed by Wagner et al. (2004), where traps were located in concentric 
circles around in eight wind directions North (N), East (E), South (S), West (W), North-East 
(NE), South-East (SE), North West (NW) and South-West (SW). The mentioned trap design 
was used for the study of seed dispersal of study species Q. grandiflora, and traps were 
positioned around the largest tree (DBH = 70 cm and height of 8 m) among a group of adult 
trees of same species found within the study site. It is important to state that no single seed 
tree was registered in the research area and therefore the group of trees of study species Q. 
grandiflora was considered for the seed dispersal study.  
 
Design of seed traps for years 2015 and 2016 consisted on plastic net basket frame supporting 
a 1 mm mesh bag suspended 1.4 m above the ground by an iron stick (Figure 2.11). Seed traps 
were numbered and mapped based on its position. Furthermore, seed trees were recorded, 
mapped (Cartesian coordinates x and y) and measured (DBH in cm). Traps were emptied and 
registered in a regular basis (every 15 days) during the period of seed fall. Furthermore, the 
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sampling scheme should be adapted with caution to species considered and the characteristics 
of the stand.  
 
 
Figure 2.11: Design of the seed trap for the seed dispersal study of tree species Q. grandiflora 
 
2.5.2 SPATIAL PATTERNS OF PLANTS 
General methodological framework scheme for data collection to study the spatial patterns of 
study species Q. grandiflora and A. tomentosum is presented in Figure 2.12. The approach 
applied to analyze the spatial distribution of study species was the spatial point process which 
deals with mathematical models that describe the arrangement of objects (in our case trees) 
that are irregularly or randomly distributed in the plane or in space (Illian et al., 2008). 
Previous definition of the study area was attained based on the study criteria selection 
described in chapter 2.4, page 25. Moreover, for the spatial point pattern analysis for study 
species Q. grandiflora only one site was selected and for study species A. tomentosum 2 
different sites were chosen within the study site. 
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Figure 2.12: Method design for the spatial pattern analysis for tree species Q. grandiflora and 
A. tomentosum 
 
2.6.  DATA ANALYSIS  
2.6.1 STATISTICAL ANALYSIS OF DATA 
Data analysis of the present study was based on the application of descriptive statistics and 
statistical modelling approach. According to Jørgensen and Bendoricchio (2001), models 
represent important tools to understand in depth a system and can thereby yield a management 
plan for how to solve a focal environmental problem. The two modelling approaches used to 
analyze the data in this study were inverse modelling (sensu Clark et al., 1998) for the 
analysis of seed dispersal and spatial point pattern modelling (Illian et al., 2008) to analyze 
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the distribution of trees study species Q. grandiflora and A. tomentosum. The general 
procedure for the data analysis of the present study is presented in Figure 2.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13: General procedure for the statistical analysis of data of the study 
 
PROCEDURE FOR STATISTICAL ANALYSIS OF DATA 
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2.6.2 GENERAL STATISTICAL PROCEDURES OF DATA ANALYSIS 
Techniques used for data analysis of the data sets of the present study besides modelling 
approaches mentioned above are based also on descriptive statistics which basically 
summarizes ad organizes the information (Zar, 1999). These are described in diverse literature 
sources such as Zar (1999), McKillup (2011) and Manly (2009). Moreover, data is analyzed 
by software R and partially with MS Excel.  
 
Statistical tests and methods applied in the present study 
- Spearman rank correlation coefficient (rho): The non- parametric test Spearman rank 
correlation coefficient (rho) was applied for data analysis of this present study as the 
assumptions for the parametric tests were not met. It is mostly common in ecological data sets 
that the distributions of the data are not normally distributed; therefore, these techniques offer 
a variety of tests for these cases. In this sense, Spearman correlation coefficient was applied to 
analyze the association of two variables. As in Pearson correlation test the aim is to test the 
association of two variables and it is applied for non-normal distributed data. Measures of 
values of rho range from +1 to -1, symbols indicate a negative or a positive correlation (Zar, 
1999) (Table 2. 2). 
 
Table 2.2: Correlation coefficients values (rho) (Sheskin, 2004) 
 
 
 
 
 
 
 
 
 
 
 
-Analysis of Variance (ANOVA) test: Is the most commonly used technique for comparing 
means of groups of measurement data. The null hypothesis is that the means of the 
measurement variable are the same for the different categories of data (McDonald, 2008).  
Correlation coefficient 
(rho) 
Interpretation 
0 no correlation 
(+ / -) 0 <  r < 0.2  very weak correlation 
(+/ -) 0.2 <  r < 0.4 weak correlation 
(+ / -) 0.4 <  r < 0.6 moderate correlation 
(+ / -) 0.6 <  r < 0.8 strong correlation 
(+ / -) 0.8 <  r < 1 high correlation 
(+ / -) 1 maximum correlation 
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- Bootstrapping (likelihood ratio test): The approach involves comparing the likelihood ratio 
test statistics (LRT) 2 −  2 , where  denotes the fitted log likelihood, to a  
distribution with degrees of freedom = − , where  denotes the number of 
parameters in the model. Considering the fact that the p-values coming from test are not valid 
due to the usual asymptotic theory for the likelihood ratio statistic does not apply for 
comparing mixture models with different number of components ( ) (Dziak et al. , 2014). 
The LRT tests the null hypothesis of =   versus the alternative =  . Therefore, a 
more valid test can be obtained by the parametric bootstrap likelihood ratio test (BLRT). The 
BLRT considers the : a single univariate normal distribution versus : a mixture of two 
normal distributions with a common variance (McLachlan, 1987).  
 
2.6.3 SPATIAL POINT PROCESS ANALYSIS – INVERSE MODELLING AND 
SPATIAL POINT PATTERNS 
Spatial processes are crucial for determining the structure and dynamics of populations and 
communities (Nathan and Muller-Landau, 2000). Therefore, one of the important aspects to 
consider in the present study is the analysis of the spatial dimension in which ecological 
processes (such as seed dispersal and establishment of recruitment) occur for the study tree 
species Q. grandiflora and A. tomentosum. Moreover, spatial patterns in ecology are 
generated by stochastic processes which operate over time as well as space (Law et al., 2009). 
Study of seed dispersal for tree species Q. grandiflora by applying inverse modelling and the 
spatial point patterns analysis of tree species Q. grandiflora and A. tomentosum were attained. 
The statistical approach used for the effect was the point process analysis, which consists on 
analyzing the geometrical structure of patterns formed by objects that are distributed 
randomly in one- or three- dimensional space (Illian et al., 2008). In this sense, both 
methodological approaches for inverse modelling and spatial patterns were performed by 
application of the point process methods. Point process data for seed dispersal contains the 
information of the positions of fruits in traps (in our study 0.12 m2) which are located around 
a center and the position of seed trees (coordinates x and y) which are modelled considering 
isotropy (no directionality) or anisotropy (directionality) with intensity function with origin at 
the seed tree. More precisely, for inverse modelling a special point process is applied for the 
analysis of seed dispersal which is the cluster point process defined as a stochastic process 
with a finite number of points scattered around a center given by the locations of trees. The 
points of a cluster are assumed to form an inhomogeneous Poisson process (Wagner et al., 
2004; Wälder et al., 2009). In this sense, the approach of inverse models uses the spatial point 
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process approach of the seed densities in seed traps as well as that of the source trees. On the 
other hand, spatial point patterns of trees use the information of Cartesian positions 
(coordinates x and y) of individuals within a certain defined area (observation window) and 
the spatial arrangement of trees envisaged by “points” is the main focus of investigation. 
Additionally, individuals may have properties that can be either qualitative (such as species 
identity) or quantitative (such as mass, diameter or height). These attributes of points in 
spatial point pattern are referred as “marks”. Analysis of point pattern statistics provides 
information on underlying processes that have caused the patterns (Illian et al., 2008).   
 
Point process statistics describe correlations across space in the pattern relative to their 
distance, e.g. distances to nearest neighbor or number of neighbors within given distances 
(Illian et al., 2008). In this regard, seed dispersal analysis deals with the density (intensity) of 
fruits in traps in relation to the distance to the seed trees, whereas spatial point pattern deals 
with the relation of points across a defined area. Moreover, the probability density (or 
intensity) function of a single point ( , ) is denoted by ( , ) =  ( , ), where  
denotes the total number of points in the cluster. According to Law et al. (2009) the density 
function of seeds refers to the probability that there is a point of point process N in a disc with 
a center x and infinitesimal area (dx). Both approaches, inverse modelling and spatial point 
patterns, belong to the first order statistics where the expected seed densities of seed trees in 
the plane is investigated which in a simplest case is the Poisson distribution. Spatial point 
pattern approach deals as well with second order statistical analysis, such as pair correlation 
function which depicts the contributions of from the interpoint distances less or equal to r in 
two dimensions as shown in Figure 2.14 (Baddeley et al., 2016). Spatial point patterns 
describes the relative positions of pairs of individuals which is obtained in by  ( , )   
referring to the probability that there is a point of point process N in each of two disjoint discs 
 and  with centers  and  and infinitesimal areas  and  (Diggle et al., 2003). 
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Figure 2.14: First-order product density (left) and second-order density separated by a 
distance r (right)  
 
Moreover, in point process analysis is difficult to separate the effects of direct plant-plant 
interaction on the spatial pattern (so called “second-order effects”) from effects resulting from 
large-scale variation in habitat quality (so called “first-order effects”), because both may lead 
to similar patterns (Getzin et al., 2008).  
 
In terms of modelling the data considering the inverse modelling and spatial point patterns 
approaches, the methods for fitting a Poisson process model to the observed data is performed 
by the maximum likelihood approach. The maximum likelihood approach which estimates the 
parameter values that maximize the likelihood function, given the observations (Aldrich, 
1997). The point process model contains the information of seed dispersal and density of seed 
trees as unknown parameters and these parameters can be optimized so as to best fit the data 
(van Putten et al., 2012). 
 
2.6.4  SPATIAL POINT PATTERNS ANALYSIS PROCEDURE  
Analysis of spatial patterns of the study species Q. grandiflora and A. tomentosum were 
performed by using the package spatstat of software R with the objective to analyze the 
spatial distribution in two dimensions of trees by applying the point process approach. The 
aim of point process statistics is to analyze the geometrical structure of patterns formed by 
objects that are distributed randomly in one-, two-, or three dimensional spaces. In other 
words, point process statistics describe the short-range interaction among the points, which 
explains the mutual positions of the points. This concerns mainly the degree of clustering or 
repulsion among points and the spatial scale at which these operate (Illian et al., 2008). 
Therefore, a simple graphical representation of the arrangement of the trees (points) within a 
map or window is very useful in order to understand how points interact (random, aggregated, 
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Figure 2.15
 
An important aspect of analysis of point processes is the stationarity of point patterns. Before 
analysis of the point process begins stationarity must be evaluated. According to Illian et al. 
(2008) 
intensity is not constant but vary systematically and second when the local point 
configurations may be location
stationary
meaning environmental conditions and processes influencing the appearance of a point are the 
same everywhere within the observation window (Illian et 
2014). 
homogeneity or stationary. Furthermore, it is impossible to prove rigorously that a specific 
point pattern is a sample from a stationary point process, therefore acce
given point process 
patterns statistics approach (Illian et al., 2008). This assumption of stationarity represents a 
limitation for the analysis of spatial poin
environmental conditions in space (Wiegand and Moloney, 2014). Additionally, spatial 
pattern analysis becomes more complicated when large
masks the dispersal and demographic beh
Figure 2.15
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to aggregate in restricted regeneration sites (e.g. He et al., 1997). In cerrado formations, main 
factors which cause spatial variation within the landscape are precipitation, soil fertility and 
drainage, fire regime, and climatic fluctuations (Eiten, 1972; Ratter et al., 1997, Furley, 1999). 
Therefore, heterogeneity within the landscape is possible in cerrado formations due to 
influence of mentioned environmental factors and as consequence safe sites for species may 
spatially vary, thus some locations within the study site may sustain a higher density of trees 
than others. In the study area, fire occurs in the cerrado Aguara Ñu regularly (at least once a 
year for the last 10 years) in patches, therefore influences at local level the soil nutrient 
conditions. According to Getzin et al. (2008), a patchy distribution of limiting resources may 
then influence demographic processes and the emerging species patterns. However, climatic 
conditions not vary within the research area. Illian et al. (2008) stated that it is impossible to 
prove rigorously that a specific point pattern is a sample from a stationary point process. 
Statistical tests can assess only some aspects of stationarity but never all. Therefore, accepting 
stationarity hypothesis for a given point pattern based on some test is only a necessary 
condition when performing spatial point pattern analysis. Summarizing is recommendable to 
justify stationarity based on non-statistical scientific arguments. Stationarity across space for 
the spatial point patterns is assumed in the present study.  
 
Another assumption considered for the analysis of spatial point pattern is that the subjects 
(trees) being studied are composed of dimensionless points (Wiegand and Moloney, 2014), no 
two points lie exactly at the same location, points are mapped without omission (there are no 
errors in detecting the presence of points of the random process within the observation 
window) and points could have been observed at any location in the region (Baddeley et al., 
2016). Moreover, patchiness, or degree to which individuals are aggregated or dispersed, is 
crucial to understand how species uses resources and reproductive biology (Condit et al., 
2000). 
 
Information of spatial patterns of plants are said to carry the information about processes 
which occurred in the past, and form the template on which processes will take place in the 
future (Dale, 1999). However, certain difficulties in extracting and drawing inferences may 
arise. In this sense, there are no strong grounds to assume that past processes are identified as 
footprints of past sequences. Also plants in a spatial pattern cannot be treated as independent 
sample units because their locations may have been determined by neighborhood in which 
they disperse and share with other plants (Diggle et al., 2003; Law et al., 2009).  
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2.6.4.1  DESCRIPTIVE STATISTICS IN SPATIAL POINT PATTERNS  
 
2.6.4.1.1  DISTANCE EFFECT OF SEEDLINGS FROM SEED TREES (RHOHAT 
FUNCTION) 
A statistical explorative method for analysis of the distance effect of seedlings to seed trees is 
by investigating dependence of intensity on a covariate (rhohat function in spatstat), in other 
words how the intensity of points depends on the values of a covariate. In this regard, the 
intensity of seedlings (density) of the point process as a function of the distance to seed trees. 
Distance values were transformed by applying the logarithmic transformation. Logarithmic 
transformation is attained when some of the observed values are small numbers or when there 
is heteroscedasticity (different variance among groups) and standard deviations are 
proportional to the means (Zar, 1999). In ecological application where points are the locations 
of individual organisms, ρ is a resource selection function reflecting preference of particular 
environmental conditions or covariate to be evaluated, which in our case is shade and distance 
of seed trees to seedlings (Equation 2.1). As a result, it generates the estimated function 
against covariate values with 95% confidence bands assuming an inhomogeneous Poisson 
point process (Baddeley et al., 2016).  The rhohat function was applied for all height classes 
of seedlings to assess the distance effect to seed trees.  
  ( ) =   ( ( ))         (2.1) 
      
where λ (u) is intensity function of points process, the ρ is the function to be investigated, Z 
(u) is the covariate (shade or distance of seed trees to seedlings). Density estimates of the 
natural regeneration of study species were analyzed. Density estimation of individuals reflects 
the probability of an individual being found at a given location in the space. Moreover, 
density may be either constant or vary over space (Law et al., 2009).  
 
2.6.4.1.2 PAIR CORRELATION FUNCTION (PCF) 
In order to determine the spatial arrangement of study trees in the field, the pair correlation 
function g (r) was applied (Equation 2.2), which measures the probability of observing a pair 
of points of the process separated by a distance r, divided by the corresponding Poisson 
process (Baddeley et al., 2016). The equation of pair correlation function is estimated as 
follows: 
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 ( ) =  ( )          (2.2) 
 
where ′( ) is the derivate of the K-function with respect to . In geometric terms, ( ) is 
defined by drawing a circle of radius  centered on a point of the point process, and counting 
the number of other points falling in the circle (Baddeley et al., 2016).  
 
Pair correlation function is based on proposed Ripley´s K function λK(r), which denotes the 
average number of other points found within the distance r from the typical point (Illian et al., 
2008). Values of the pair correlation function can be interpreted as follows, for a completely 
spatial randomness g (r) = 1, values of g (r) less than 1 indicates that distances are not as 
frequent as for a complete random process, it suggests regularity and values of g (r) larger 
than 1 indicates more frequent distances as for a random process, suggesting clustering 
(Baddeley et al., 2016). The pair correlation function provides a formal measure of both 
intensity and scale of the spatial structure in the community which is evidently quite different 
from the average over space (Law et al., 2009). This procedure was useful to observe 
distribution arrangements of trees in different development stages. Additionally, simulation 
envelopes were applied for the pair correlation function method to indicate the range of 
variation in relation of the Poisson process. The envelopes generate a grey area indicating the 
maximum and minimum values for each distance r. An important aspect to clarify is that the 
envelopes are not confidence intervals, they are critical bands or significance bands associated 
with the test of statistical significance (Baddeley, 2016). 
 
 
 
 
 
 
 
 
 
 
Figure 2.16: Schematic shapes of pair correlation functions for a Poisson process (solid line), 
a cluster process (dashed line) and regular process (dotted line). 
 
g (r) 
1 
r 
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2.6.4.2 POINT PROCESS MODELLING  
Point process models are important tools employed in conducting spatial point pattern 
analysis. Modelling was applied to analyze the distance effect of seedlings (heights ≤ 200 cm) 
and juveniles (200 - 500 cm height) to seed trees (heights > 500 cm and DBH > 20 cm) for 
tree species Q. grandiflora and shade and distance to seed tree effect of seedlings (heights ≤ 
200 cm) for tree species A. tomentosum. In this sense, models can be used to: (i) determine 
whether there is significant spatial structure in the data set, (ii) to summarize the properties of 
spatial structure in the data, and (iii) test ecological hypothesis about the factors that may have 
produced an observed spatial structure (Wiegand and Moloney, 2014). A point pattern is 
given by a set of locations that are distributed within an observation window due to some 
form of stochastic mechanism (Diggle et al., 2003). Therefore, point process models are used 
to simulate point patterns with known properties to be compared with observed patterns. 
According to Baddeley (2016), fitting a statistical model to data means choosing values for 
the parameters governing the model, so that the model fits the data as well as possible. 
Models aid in the interpretation and understanding of empirical patterns and their summary 
characteristics, as they show possible theoretical forms and give information on the possible 
statistical fluctuations (Illian et al., 2008). Moreover, the point process modelling is an 
important approach to simulate and predict point processes.  
 
The property of fitting data to a Poisson process is that random points are independent of each 
other. Additionally, a Poisson process is completely described by its intensity function λ(u). 
An important additional term to consider for point process modelling is the interaction aspect. 
In ecology, interaction is quite a relevant matter because it provides information on how 
individual organisms interact with each other, as for instance competition for resources. 
Therefore, a Gibbs point process model postulates that interaction occur between the points of 
the process. This argument defines the interpoint interaction of a point process called Widom-
Rowlinson area of interaction (Baddeley and Turner, 2005). It has a probability density as 
follows: 
  ( ) =  ( ) ( )        (2.3) 
 
where  is a constant, > 0 is an intensity parameter, and > 0 is an interaction parameter. 
Moreover, ( ) denotes the area of the region obtained by drawing a disc of radius r centered 
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at each point , and taking the union of these discs (Figure 2.17).The interaction was 
estimated as part of the Gibbs modelling results and therefore the interaction function was 
calculated for point patterns data sets for both study species A. tomentosum and Q. 
grandiflora, described as h (r). The interaction function satisfies h (r) = 1 if the members of 
the pair of points( , )with interpoint distance r do not interact. Pairs of point ( , ) with 
distance r exhibit repulsion if h (r) < 1 and exhibit clustering if h (r) > 1 (Illian et al., 2008).  
 
In order to define the area of interaction of the model, the profile maximum pseudelikelihood 
(Pranchai, 2015) was estimated. A useful extension of the generalized linear model involves 
the addition of random effects and/or correlated errors. A pseudo-likelihood estimation 
procedure is developed to fit this class of mixed models based on an approximate marginal 
model for the mean response. The procedure is implemented via iterated fitting of a weighted 
Gaussian linear mixed model to a modified dependent variable (Wolfinger and O’Connell, 
1993). This function profilepl in spatstat is a wrapper which finds the values of the irregular 
parameters that give the best fit. In order to calculate this function, the needed data was the 
spatial pattern data of the individuals of Q. grandiflora and A. tomentosum, the distance map 
function (Distmap) created for the adult trees of Q. grandiflora and the single adult tree of A. 
tomentosum and the data containing the irregular parameters computed as dist_pl (Baddeley 
and Turner, 2000). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17: Area-interaction model. Grey area is the “contested zone” associated with the 
location u (+) given the point pattern x (   ) 
 
 
Modelling of the observed spatial patterns for both study species
tomentosum
shading (only for tree species 
grandiflora
(considering interaction) and dataset of tree species 
process model considering two point 
 
After fitting a point process model to spatial point pattern dataset, there is a need to check that 
the model is faithful to the data. According to Baddeley
efficient way to test the fit of
(observed) 
the model and the data. Therefore, there are some techniques used to validate the point 
process model described as follows: 
 
a. Check the distribution of residuals (QQ
Plots to detect changes in the distribution of residuals (Fig
Baddeley (2016) the interaction between points in a point process affects the 
probability distribution of the number of points in a sub
with regression is considered and to validate distributional assumptions in r
QQ plots are calculated and the observed quantiles of the residuals are plotted against 
corresponding theoretical quantiles of their assumed distribution. The distribution 
should fit the Poisson model. 
 
Figure 2.18
 
 was attained, considering the covariates distance of seedlings to seed trees
 was fitted by a Poisson point process (no interaction) and Gibbs model 
– (fitted) which contain essentially all information about the discrepancies between 
 the model is by looking at the residuals of the model (residual) = 
: Example of normal QQ
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b. Check the values of the residuals by four-panel residual plot: This is achieved by 
applying the four-panel residual plot which is an important model validation tool to 
indicate departure from the model (Figure 2.19). According to Baddeley et al. (2016), 
the top left panel is a direct representation of the residual measure, with circles 
representing the data points (positive residuals) and a color scheme contour map 
representing the fitted intensity (negative residuals). The bottom right panel is an 
image of the smoothed residual field and the two other panels are lurking variable 
plots against one of the Cartesian coordinates x and y.  
 
 
Figure 2.19: Example of four-panel residual plot  
 
c. Residual function (Gres in spatstat): Given a point process model fitted to a point 
pattern dataset, the G function can be computed, which serves as a diagnostic for 
goodness-of-fit of the model. Gres computes a residual version of the G residual 
function of the dataset which should approximate 0 if the model is a good fit to the 
data (Baddeley et al., 2016). Moreover, the confidence intervals of the Gres are 
indicated and the model which fits the data should be within these limits (Figure 2.20).  
-2. MATERIALS AND METHODS - 
42 
 
 
Figure 2.20: Example of the residual function Gres of the model. Blue and cyan dotted 
lines represent the confidence limits of the model 
 
 
d. Spatial cumulative distribution function (CDF) test (Figure 2.21): The test compares 
the observed distribution of the values of the covariate at the data points with the 
values of that covariate at all spatial locations in the observed window (Baddeley et 
al., 2005). It performs a test of goodness-of-fit of the point process model. The 
observed and predicted distributions of the values of a spatial covariate are compared 
using either Kolmogorov-Smirnov test, Cramer von Mises test or Anderson-Darling 
test. For non-Poisson models, a Monte Carlo test is used and a p-value is provided 
which determines by comparing simulated values (999 runs) of the test statistic with 
the value of the original data. In this sense, for multiple point processes a Monte Carlo 
test is applied. This approach consists simply of ranking the value u1 of a selected test 
statistic u amongst a corresponding test of values generated by random sampling from 
the null distribution of u given a simple null hypothesis and a set of relevant data. 
When the distribution of u is effectively continuous, the rank of the observed test 
statistic u1 among a complete set of values {ui: i = 1…, m} determined an exact 
significance level for the test under the null hypothesis (Besag and Diggle, 1977).  
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Figure 2.21: Example of a CDF test result using the Kolmogorov-Smirnov test 
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3.  SEED DISPERSAL OF QUALEA GRANDIFLORA (MART.) 
3.1.  INTRODUCTION 
Seed dispersal is a key ecological process which determines the dynamics of plant population 
and defines migration and structure diversity (Nathan and Muller-Landau, 2000). Dispersal 
denotes the movement of seeds or diaspores away from the parent plant (Harper, 1977). 
Furthermore, seed dispersal is the main process linking spatial patterns of adults with their 
descendants (Schupp and Fuentes, 1995; Nathan and Muller-Landau, 2000). Dispersal kernel 
is of high relevance considering post-dispersal fate of seeds especially in ecosystems with 
harsh environmental conditions as it is the cerrado biome, where the main environmental 
constraints are the presence of fire, water stress and low nutrients in soil (Hoffmann, 2000). 
Moreover, for species presenting anemochory (wind dispersal) as seed dispersal mechanisms, 
an essential factor is wind. Strong winds transport seeds longer distance as weak winds. In 
savanna or cerrado formations seeds travel farther distances from source adult trees because 
of greater exposures due to open landscape as in closed forests. The structure of the landscape 
affects wind flow and can determine the spatial dynamics of wind-dispersed species 
inhabiting diverse habitats (Nathan et al., 2001).  
 
This study presents the results of seed dispersal of cerrado tree species Q. grandiflora. Seeds 
are winged samaras with an average length of 1.7 cm, width of 0.8 cm, thickness of 0.3 cm. 
The mean length of wings is 3.8 cm (Ferreira et al., 2001). Seed mass varies from 0.12 ± 0.04 
g (Kutschenko, 2009). Moreover, seeds are located inside woody capsules which opens when 
ripe in three parts (valves) to release the seeds. Valves are 5 to 8 cm long and 2 to 3 cm wide 
at the mature fruit (Negrelle, 2011). Seed dispersal mechanism of study tree species is 
anemochory. Most anemochorous species either have small seeds or produce seeds with 
secondary structures such as plumes and samaras that increase dispersal distances from parent 
trees (Augspurger, 1986).  
 
The most common seed dispersal mechanism among the woody component of the cerrado 
flora, is zoochory followed by anemo- and autochory (Silberbauer-Gottsberger, 2001; 
Oliveira, 1998; Batalha and Mantovani, 2000). Anemochory plays an important role for seed 
dispersal in cerrado ecosystems (Salazar et al., 2012) as few neighbors hinder the unrestricted 
flight of the seeds of a particular seed tree. Therefore, knowledge on spatial distribution of 
seeds is needed to identify potential sites for plant recruitment and later because of important 
implications for restoration and management (Nathan et al., 2001). A relevant constraint 
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present in the cerrado ecosystem is that woody plants, particularly in open savannas, are seed-
limited because of low and poor distribution of seeds among sites, seed removal and 
predation, and short seed longevity (Salazar et al., 2012). Moreover, understanding the seed 
dispersal pattern not only determines the potential area of plant recruitment, but also serves as 
a template for subsequent processes, such as predation or competition (Nathan and Muller-
Landau, 2000). 
 
An important approach to study seed dispersal is the application of ecological models, which 
study the outcome of different dispersal patterns and conditions (Stoyan and Wagner, 2001). 
Moreover, models which fit empirical data well can be used to derive recruitment or 
conservation strategies of species. According to Clark et al. (1999) there is a need for kernel 
models which accurately describe dispersal across a range of spatial scales. In this sense, 
dispersal kernels have been used to estimate probabilities of finding safe sites (Janzen, 1970), 
detecting competition (Ribbens et al., 1994) and derive recruitment limitation (Salazar et al., 
2012). Attempts to develop seed dispersal models which fit empirical data have been attained 
by many scientists (Ribbens et al., 1994; Clark et al., 1998; Clark et al., 1999; Schurr et al., 
2008; Wälder et al., 2009; van Putten et al., 2012).  
 
Seed dispersal of tree species Q. grandiflora was analyzed by application of a stochastic 
modelling approach for estimating fecundity of a single tree and seed dispersal, i.e. “inverse 
modelling” (sensu Clark et al., 1998). The approach applied here and first developed by 
Ribbens et al. (1994) does not require the identification of the parent tree and uses the 
information of seeds in seed traps and spatial distribution and size of parent trees. Inverse 
modelling enables estimation of seed production and seed dispersal from data on seed rain 
within mapped stands (Clark et al., 1998; Muller-Landau et al., 2008). Typically, the vast 
majority of seeds are dispersed only short distances from parent plants (Howe and 
Smallwood, 1982) thus seed dispersal can limit recruitment even on a local scale (Ribbens et 
al., 1994). Moreover, spatial variation of seed deposition distances is important information 
derived from the inverse modelling approach. The spatial variation information is relevant 
because seed survival and seedling establishment are negatively dependent on local 
conspecific seed density (Harms et al., 2000). As a consequence, spatial variation in seedfall 
decreases mean recruitment success (Wright et al., 2005).   
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Overall, information on seed dispersal dynamics of cerrado tree species is scarce (Salazar et 
al., 2012) and therefore this statement also concerns study species Q. grandiflora. Therefore, 
key aspects to be attained in the following study are: (i) mean dispersal distances (MDD) 
calculated considering isotropic (no directionality) and anisotropic (considering directionality) 
cases for cerrado tree species Q. grandiflora and (ii) estimated fruit production. The general 
hypothesis of the present study is that modelling results for seed dispersal of tree study 
species Q. grandiflora can be modelled by standard inverse models to estimate dispersal 
probabilities in distance and azimuth direction. Specific hypotheses regarding inverse 
modelling are: (i) a lognormal seed density kernel is appropriate to model the distance effect 
in seed dispersal and (ii) directionality effect is of importance to the seed dispersal pattern of 
study species, therefore anisotropic modelling is more appropriate. 
 
3.2.  METHODOLOGY 
3.2.1  DATA COLLECTION AND SEED TRAP DESIGN 
Seed dispersal data of study species Q. grandiflora was registered for years 2015 and 2016. 
The analysis of seed dispersal of tree species of Q. grandiflora was attained in site 1 
(description of the site is mentioned in chapter 2.2 of general methods). 
 
Seed trapping design for study years 2015 and 2016 consisted in establishing seed traps in 
concentric circles around the largest tree of study species Q. grandiflora (DBH = 70 cm and a 
height of 8 m) within the group in all 8 wind directions North (N), East (E), West (W), North-
East (NE), South-East (SE), North West (NW) and South-West (SW). In the year 2015, a total 
of 72 traps were positioned along the transects at distances 1, 5, 10, 15, 20, 30, 40, 50 and 60 
m. In the year 2016, 112 traps were located at 1, 3, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120 
140. No previous knowledge is available on how far do diaspores fly from source tree for 
study species Q. grandiflora. Definition of the distance of seed traps from the source center 
(largest tree among the group) for years 2015 and 2016 was achieved by observing previous 
seed dispersal trapping schemes established in years 2012 and 2013. Unfortunately, data 
analysis of previous datasets from 2012 and 2013 provided bad fit of the model and therefore 
are not shown in the present study. Diaspores were defined as the dispersal unit encompassing 
wings (Augspurger, 1986). Seed trap design applied for seed data collection of years 2015 and 
2016 is presented in Figure 3.1. 
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Figure 3.2: Relationship between Cartesian polar coordinates based on circular statistics 
according to Batschelet (1981) 
 
Seed traps were visited approximately every 15 days after seed release and took place during 
October for years 2015 and 2016. Once release of seeds was over, seeds in traps were 
collected and counted for further analysis. Isolated seeds and seeds contained in fruits were 
registered in seed traps separately. Seed densities were calculated per m2, taking a seed trap 
area of 0.12 m² as fixed. Furthermore, a total of 52 conspecific adult trees of study species 
were registered and mapped by using a Cartesian system (x and y coordinates) within the 
study site where traps were established.  The seed trees reached an average height of 6 m (4 to 
8 m) and average DBH of 34.5 cm (21 to 70 cm).  
 
3.2.2  DATA ANALYSIS - INVERSE MODELLING 
Seed dispersal data of years 2015 and 2016 were analyzed by applying the inverse modelling 
approach (Ribbens et al., 1994; Clark et al., 1998; Stoyan and Wagner, 2001; Muller-Landau, 
2008; Wälder et al., 2009) which estimates dispersal and fecundity parameters from the 
location and number of seeds or diaspores in each seed trap and the basal area and locations of 
conspecific adult trees evaluated by maximum likelihood methods (Ribbens et al., 1994; 
Clark et al., 1998) with software R. Moreover, inverse modelling enables estimation of seed 
production and seed dispersal from data on seed rain within mapped stands (Ribbens et al., 
1994; Clark et al., 1998; Muller-Landau et al, 2008). Application of the inverse modelling 
implies as well calibration of the dispersal model which requires only sample seed density 
data and information on the sizes and locations of the reproductive adults. Moreover, the data 
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is generally sufficient to fit models with a small number of free parameters (Dalling et al., 
2002).  
 
Inverse modelling estimates dispersal and fecundity parameters from the location and number 
of seeds in each seed trap and the basal area and locations of conspecific adult trees evaluated 
by maximum likelihood methods (Ribbens et al., 1994; Clark et al., 1998). The inverse model 
presents several assumptions for the statistical procedures, such as no directionality in 
dissemination, monotonously decreasing fruit density versus distance with mode at the source, 
homogenous seed shadow for all trees and number of seeds per tree depends on the diameter 
at breast height of seed trees (Stoyan and Wagner, 2001). Expected seed rain into a trap is 
calculated as the sum of contributions from every conspecific adult tree on the plot (Jones and 
Muller-Landau, 2008). The approach uses the spatial pattern of seed recovered from seed 
traps and adult trees to statistically estimate the seed shadow (Clark et al., 1999) and in this 
sense fit the predicted model to the empirical data. Three factors can be used to describe seed 
shadow models, one is the relationship of kernel density to distance from the source, second 
the directionality with respect to the source and third an estimate of fecundity, or rate of seed 
production (Clark et al., 1999; Willson and Travaset, 2000). Assumptions of parameterization 
of seed dispersal modelling are radial symmetry or radial asymmetry around the source tree, 
isotropy and anisotropy respectively (Figure 3.3). Isotropy is characterized by concentric 
circular contour lines of seed density around the seed source (Clark et al., 1999) and 
anisotropy presents a non-concentric of the contour lines into one or more directions into 
which dispersal is biased, e.g. as a result of the prevailing wind direction(s) at the time(s) of 
release (van Putten et al., 2012). In case seed dispersal modelling is attained considering more 
than one source tree, contours represent the sum of seed contributions from many nearby adult 
trees. 
 
 
 
 
 
 
 
 
Figure 3.3: Example of isotropy (left) and anisotropy (right) 
[m] 
m 
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Furthermore, dispersal distance is expressed as a dispersal curve which is the frequency 
distribution of dispersed kernels in relation to the distance from the seed source (Clark et al., 
1998). In this study the lognormal distribution is used as density function (Equation 3.3) for 
modelling purposes. Lognormal distribution indicates that frequency distribution of dispersal 
distances usually shows its peak at some distance from the source, and falls off with distance 
(Okubo and Levin, 1989; Wagner, 1996). The applied lognormal distribution is defined by 
parameters µ and σ (Wagner, 1996; Stoyan and Wagner, 2001, Schmiedel et al., 2013).  
 
( ) , =  , µ. .( ) .   .( ) .( , )  .  √  .       (3.3) 
 
The shape of the curve of the seed distribution function needs also to be defined previously to 
seed dispersal analysis by inverse modelling. Depending at which distances densities of 
released seeds are deposited from source trees, different intensity functions (e.g. lognormal, 
exponential, 2Dt) are considered for modelling purposes. According to Clark et al. (1999), 
models applied at fine scales usually assume a kernel that is convex near the source and 
platykurtic, this shape describes mainly the influence of the nearby canopy. Then seed density 
declines with distances from the source, slowly at first and then more rapidly (lognormal 
distribution as a density function).  
 
The applied modelling approach of seed dispersal was a stochastic phenomenological model 
presented by van Putten et al. (2012) where R code is provided. The model is parameterized 
considering 2 model variants: (i) isotropic model with parameters β = 1, γ = 0 and no role for 
γ and (ii) “no-shift” model with free parameters Ψ, β and γ. It is assumed that the observed 
values of seed density in traps follow a negative binomial distribution; also all trees had the 
same two-dimensional dispersal kernel (van Putten et al., 2012).  
 
Parameters used for isotropy and anisotropy cases are presented in Table 3.1. Parameters 
considered for isotropic case to be parametrized were α, λ and k, whereas for anisotropic case 
parameterized parameters were α, λ, γ, β, Ψ and k which are described in following Table 3.1.  
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Table 3.1: Inverse modelling parameters for isotropy and anisotropy cases 
Parameter Name 
Ψ(psi) Rotation angle 
β (beta) Coherency 
γ (gamma) Drift 
λ (lambda) Distance 
α (alpha) Fecundity 
k Negative binomial clumping parameter 
μ (my) Distance 
σ (sigma) Dispersal distribution 
 
 
It has been repeatedly shown that fruit production is positively correlated with DBH (Grisez 
1975; Willson and Schemske, 1980; Chapman et al., 1992; Greene et al. 2004). Fecundity 
parameter fec (Equation 3.4) is parameterized for modelling described as 
 = ℎ         (3.4) 
 
where fec is the fecundity and α is the fecundity parameter. The free parameter fruit was 
previously defined and fixed before modelling for anisotropy and isotropy cases. It is assumed 
that fruit number per tree is proportionally related to the DBH of seed trees.  
  
Moreover, seed density per m2 as a function of the distance to seed trees (Augspurger, 1983; 
Clark et al., 1999, Nathan and Casagrandi, 2004) and mean dispersal distance (MDD) 
considering isotropy (Equation 3.5) were estimated. MDD is calculated as the seed 
distribution expected around a seed tree and determining the average distance from dispersed 
seed to source tree or trees (Ribbens et al., 1994). 
 =  µ         (3.5) 
 
Based on the applied approach of inverse modelling presented by van Putten et al. (2012), 
parameter values were searched which maximized the likelihood of the observed seed trap 
data using Nelder-Mead downhill simplex method (Nelder and Mead, 1965) and analyze the 
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model performance by applying the Akaike´s (1974) Information Criterion (AIC) and linear 
regression analysis of predicted vs. observed testing for 0 intercept and slope = 1. Moreover, 
Spearman correlation rank test was applied to test whether the predicted seed densities fitted 
the observed seed densities.  
 
Comparison of each resulting seed dispersal modelling per year (isotropic and anisotropic) 
and the procedure attained was the parametric bootstrapping, a data-based simulation method 
for assessing precision developed by Efron (1979) using the likelihood ratio test (LRT). The 
LRT (Equation 3.6) provides a measure of the support of one hypothesis over the alternative 
and therefore, provides a framework for the statistical testing of hypothesis. Specifically, 
compares the model under the null hypothesis (H0) given that the model under alternative 
hypothesis (H1) holds in the population. The H0 distribution of the LRT is approximately chi-
squared with degrees of freedom equal to difference in the dimensions of the two parameters 
spaces (the difference in the number of parameters when the models are identifiable). 
Moreover, the p-values generated by the LRT are approximate and unfortunately tend to be 
too small, therefore bootstrapping is applied to find more accurate p-values for the LRT 
(Faraway, 2006). By carrying a bootstrap hypothesis test, bootstrap resampling is used to 
obtain an approximation to the distribution of test statistic under H0. In a similar way as 
randomization, the distribution is then directly compared with the observed value of the test 
statistic to estimate the p-value (Barber & Thompson, 2000). The H0 is that seed dispersal 
isotropic model generates the same results as considering anisotropic model. The approach 
compares the arithmetic means of the two predicted models, described as H0: µiso= µani. 
Meaning, running bootstrapping generates simulated data which, by hypothesis, has the same 
distribution of the real data. Therefore, feeding the simulated data through the model 
estimators generates one draw from the sampling distribution; and by repeating many times 
yields the sampling distribution (Barber & Thompson, 2000; Faraway, 2006).  
 2 , , − , ,       (3.6) 
 
where , ,  are the maximum likelihood estimates of the parameters under the H0 and , ,  are the maximum likelihood estimates of the parameters under the alternative 
hypothesis (Faraway, 2006).  
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Seed density contour plots in the different wind directions of datasets of years, 2015 and 2016 
are presented to explore the data based on the spatial variation attained in each wind direction. 
Therefore, within the framework of point process approach, density contour plots were 
produced by applying the smooth interpolation of density available in spatstat package using 
R software.  Contour plots of observed and predicted seed densities per m2 for study years 
2015 and 2016 were created by the spatial smoothing function available in spatstat package.  
 
3.3  RESULTS 
3.3.1  SEED DENSITY 
During seed register periods 2015 and 2016 seeds were counted in all seed traps. Total of 
seeds registered in all traps per year varied between the different observation years (Table 
3.2).  
Table 3.2: Observed seed density per m2 of Q. grandiflora for years 2015 and 2016 
Year Seeds/m2 
Minimum Mean Maximum 
2015 0 37 233 
2016 0 69 767 
 
Seed amounts found in traps for tree species Q. grandiflora are shown in Table 3.3 for study 
years 2015 and 2016 considering only those distances and trap positions which were identical 
over the years. All distances are related to the largest tree in the sample. 
 
Table 3.3: Raw data of seed distances and observed seeds of Q. grandiflora in traps for years 
2015 and 2016 
Distance 
(m) 
Year 2015 
(n = 72) 
Year 2016 
(n = 112) 
1 90 336 
3  297 
5 113 217 
10 14 31 
15 15 18 
20 36 21 
30 34 4 
40 13 3 
50 6 6 
60 5  
Obs. Seed trap area for  years 2015 and 2016 was 0.12 m2 (40 cm trap diameter). 
Additionally, n denotes the amount of seed traps positioned around seed tree per year 
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In year 2015 seeds were dispersed heterogeneously in space in the 72 seed traps, so the 
number of seeds in each trap varied from 1 to 28 (mean ± SD: 7.8 ± 6.6) and in following 
year 2016 seeds were also dispersed heterogeneously in space in the 112 traps number of 
seeds per trap varied from 1 to 92 (mean 19.8 ±SD: 23.2). High seed densities were dispersed 
near seed trees, while only few seeds were recorded in larger distances in all wind directions.  
 
Kernel smoothed density results of observed seed densities per m2 of tree species Q. 
grandiflora for years 2015 and 2016 are presented in Figure 3.4. High seed densities (values 
larger than 60 seeds per m2) were observed in directions E and SW for year 2015. Whereas 
high seed densities (values larger than 140 seeds/m2) were observed close to central point 
represented by the largest source tree (DBH = 70 cm) and decreasing in all directions as 
distance increase.  
 
 
Figure 3.4: Smoothed contour plot of observed seed densities per m2 for years 2015 and 2016 
for study tree species Q. grandiflora  
 
Additionally, seed densities varied in all wind directions for years 2015 and 2016 as a 
function of the distance (Figure 3.5). Highest seed densities for all wind directions were 
observed in the first 10 m from the source seed trees for years 2015 and 2016. Moreover, high 
peaks of seed densities in the direction SW at 30 m distance with 183 and E at 20 m with 141 
seeds per m2 for year 2015. Whereas, results of year 2016 showed peaks of high seed 
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densities in SE and NE with 766 and 792 seeds per m2, respectively. Moreover, seed densities 
decreased rapidly after 10 m from seed tree. 
 
 
 
Figure 3.5: Observed seed densities per m2 in relation to the distance to seed tree 
corresponding to year 2015 (top) and 2016 (bottom) for all wind directions. 
 
3.3.2 INVERSE MODELLING RESULTS – SEED PRODUCTION, DISPERSAL 
AND DISTANCES 
Seed dispersal modelling was applied for datasets 2015 and 2016 considering the 2 scenarios 
isotropy and anisotropy. Overall according to the modelling results for study years 2015 and 
2016 directionality did not play an important role for modelling seed dispersal of Q. 
grandiflora and lognormal resulted in an adequate density function approach. However, these 
results are not concluding statements considering the interannual variation of seed production 
of study species which influence the seed dispersal modelling results.  
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3.3.2.1  ISOTROPIC MODELLING 
Modelling results of seed dispersal of tree species Q. grandiflora considering lognormal 
distribution assuming isotropy are presented in Table 3.4. The description of the parameters of 
the model are presented in chapter 3.2.2, page 56.  
Table 3.4: Seed dispersal modelling results considering isotropy (lognormal distribution) for 
Q. grandiflora for years 2015 and 2016 
1m= estimated seed production and 2MDD= mean dispersal distance of seeds 
 
Seed dispersal modelling for years 2015 and 2016 considering isotropic case and assuming 
lognormal distribution of seeds, showed different parameter results for predicted MDD seed 
shadows and seed production. Predicted MDD values for isotropic modelling results ranged 
between 10.69 and 62.48 m for years 2016 and 2015, respectively. Moreover, estimated 
predicted seed production (m) of Q. grandiflora tree with a DBH of 70 cm resulted in a total 
of 70632 and 50671 for years 2015 and 2016, respectively. Results of parameters µ and σ, 
which characterize seed distribution, were 3.39 and 1.21 for year 2015 and 2.05 and 0.8 for 
year 2016. Estimated parameter α presented low difference comparing both study years and 
values ranged from -5.21 and -5.54 for both study years. Spearman correlation coefficients 
between observed and model predicted data of years 2015 and 2016 were significant p ≤ 0.01 
with correlations of rho = 0.35 and rho = 0.72, respectively. Model fit yielded AIC values of 
555.8 and 672.02 for years 2015 and 2016, respectively.  
 
Estimated seed densities for tree species Q. grandiflora for isotropic models reached peak 
values up to 241 seeds/m2 and for year 2015 up to 95 seeds/m2, which decreased rapidly 
beyond 20 m from the source for both observation years (Figure 3.6). Moreover, differences 
in the tail of the curve can be observed between predicted seed densities of years 2015 and 
2016. A fatter tail of the curve for predicted seed densities for year 2015 was estimated in 
comparison with predicted densities for year 2016.  
 
Year Function α µ σ Log-
Likelihood 
AIC m1 rho p MDD2 
(m) 
2016 Lognormal -5.54 2.05 0.8 -332.01 672.02 50671 0.72 *** 10.69 
2015 Lognormal -5.21 3.39 1.21 -273.90 555.8 70632 0.35 ** 62.48 
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Figure 3.6: Predicted seed density for isotropic model considering the lognormal distribution 
as a density function for tree species Q. grandiflora for years 2015 and 2016. Isolines 
represent the seed density based on the distance to seed tree. 
 
Findings of predicted seed densities of isotropic model for years 2015 and 2016 are presented 
in Figure 3.7. Results of predicted seed densities for year 2015 yielded high densities (values 
larger than 70 seeds/m2) in direction NW. Comparing the observed densities for year 2015, 
where high seed densities were observed SW and E, thus the isotropic model predictions 
correlated weakly with the measured data (rho = 0.35). Whereas predicted isotropic model for 
year 2016 yielded high seed densities (values larger than 100 seeds/m2) close to the largest 
source tree (DBH =70 cm) and decreases with the distance in all wind directions. Isotropic 
model predictions correlated strongly (rho = 0.72) with field data (Table 3.4).  
2016 
2015 
[m] 
[m] 
[m] 
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Figure 3.7: Smoothed contour plot of predicted seed densities per m2 for years 2015 and 2016 
for study tree species Q. grandiflora considering isotropy  
 
3.3.2.2  ANISOTROPIC MODELLING 
Results of anisotropic modelling of years 2015 and 2016 considering lognormal distribution 
are shown in Table 3.5. Predicted seed production for the anisotropic model for Q. 
grandiflora with a DBH of 70 cm ranged from 46663 to 81458 for years 2016 and 2015, 
respectively. Predicted seed rain direction for the anisotropic model for year 2015, assuming 
log normal distribution, were oriented in SW (230°). The model yields a low approximation to 
the counted diaspore numbers with rho = 0.36 with a significant correlation coefficient (p ≤ 
0.01) and AIC value of 559.48. Whereas in 2016 the prevailing seed dispersal direction based 
on modelling results was predicted within the circular sector oriented in directions between S 
(180°) and E (90°). Moreover, the model yields a relative close approximation to the observed 
fruit numbers showing a strong correlation coefficient (rho = 0.73, p ≤ 0.001) and AIC value 
was 672.21. MDD values for anisotropic case are not computed. Parameter µ (2.99 – 1.94) 
and σ (0.79 – 1.20) presented no large differences among model outputs for anisotropic cases 
of years 2015 and 2016. Clumping parameter k yielded values which ranged between from 
0.21 to 0.26.  
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Table 3.5: Seed dispersal modelling results considering anisotropy (lognormal) for Q. 
grandiflora for years 2015 and 2016 
 
Predicted seed densities of anisotropic model assuming lognormal distribution for years 2015 
and 2016 are presented in Figure 3.8. Results showed that in year 2015 highest seed densities 
were shown in direction NW (58 to 106 seeds/m2) and lowest densities in direction SE (2 to 
106 seeds/m2). Moreover, the predicted main direction of seed dispersal was SW (230°). 
Anisotropic model predictions correlated weakly with the observed data (rho = 0.36) for year 
2015 (Table 3.5). Whereas, in year 2016 predicted seed densities results showed high seed 
densities in SE (0 to 330 seeds/m2) and lowest densities in N (0 to 351 seeds/m2). The 
predicted main direction of seed dispersal was SE (130°). Anisotropic model predictions 
correlated strongly (rho = 0.73) with field data in 2016 (Table 3.5). Additionally, high seed 
density peaks were observed at the first 5 m from the source trees and declining with the 
distance for both modelling results from study years 2015 and 2016. 
 
 
 
 
 
 
 
 
Year Function α µ σ k β γ Ψ Log-
Likelih
ood 
AIC m  rho p 
2016 Lognormal -5.61 1.94 0.79 0.26 0.75 0.37 -1.51 -329.10 672.21 46663 0.73 *** 
2015 Lognormal -5.07 2.99 1.2 0.21 2.38 0.23 -2.72 -272.74 559.48 81458 0.36 ** 
2015 
[m] 
Azimuth direction 
______ maximum (320° NW) 
______ minimum (140° SE) 
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Figure 3.8: Predicted maximum and minimum seed densities for tree species Q. grandiflora 
differentiated by azimuth directions for years 2015 and 2016 considering anisotropy and 
lognormal distribution.  
 
Smoothed predicted seed densities for years 2015 and 2016 assuming anisotropy are 
presented in Figure 3.9. Based on the results, higher seed densities were predicted in NW for 
year 2015. Moreover, anisotropic model for year 2015 presented a low correlation coefficient 
of observed and predicted data (rho = 0.36) as shown in Table 3.5. Predicted high densities 
was located in direction NW and observed high densities were registered in the direction E 
(25 to 125 seeds per m2) and in SW (0 to 183 seeds per m2). As for year 2016, high predicted 
seed densities were estimated in the directions SE (0 – 323 seeds per m2) and E (0 – 312 seeds 
per m2) which fit partly the empirical data for year 2016, where highest seed densities were 
registered in NE (0 to 767 seeds per m2) and SE (0 to 450 seeds per m2). Anisotropic model 
for year 2016 presented a strong correlation coefficient (rho = 0.73) as shown in Table 3.5.  
 
 
 
 
 
2016 
[m] 
[m] 
Azimuth direction 
______ maximum (130° SE) 
______ minimum (0° N) 
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Figure 3.9: Smoothed contour plots of predicted seed densities per m2 for Q. grandiflora 
considering anisotropy case for years 2015 and 2016 
 
3.3.2.3 STATISTICAL COMPARISON ISOTROPY VS. ANISOTROPY  
Comparison between isotropic and anisotropic seed dispersal modelling results was attained 
by application of the bootstrapping approach described in chapter 2.6.2, page 31. Null 
hypothesis stated that there are no differences between isotropic and anisotropic modelling 
approaches. Results showed that isotropic and anisotropic for datasets of years 2015 and 2016 
(p = 0.838 and p = 0.292, respectively) presented equal arithmetic means (H0: µiso= µani.). 
Therefore, isotropic models are considered as an excellent alternative for modelling seed 
dispersal for tree species Q. grandiflora. Results showed that bootstrap distributions for both 
years were asymmetric. Moreover, the limit values for the significant tests were 1.150 and 
3.475 for years 2015 and 2016. (Figure 3.10).  
 
 
 
 
 
2015 2016 
 
 
 
Figure 3.1
modelling (isotropy vs. anisotropy) for years 2015 (left) and year 2016 (right)
the histogram 
 
3.4  DISCUSSION
Resulting patterns of seed dispersal of study species may be influenced mainly by the 
following aspects: (i) seed tree size, (ii) interannual variation in seed production and, (iii) 
distance from local seed sources (Nathan and Muller
findings of the applied methodology and analysis of seed dispersal of tree species 
grandiflora
 
3.4.1 APPLIED METHODOLOGY 
DESIGN AND INVERSE MODELLING 
Dispersal kernel of study tree species 
Chosen seed trap design was appropriate to describe the dispersal kernel of study species. 
Trap distances from central point (largest seed tree within the group) we
cover the 
influences the precision of results. Therefore, if there are not sufficient traps at larger 
distances from the source, then it cannot be expected
distances
source it may be also difficult to infer on short distances
 
The inverse model approach, which simultaneously estimates fecundity and dispersal 
parameters without direct observation of individual seed tree production and measurement of 
distances of seeds once dispersal takes place (Jones and Muller
analyze the seed dispersal of study species. Optimal conditions were not entirely met in the 
0: Distribution of 999 bootstrapped parameter density estimates for inverse 
indicate maximum
 is presented below.
area for seed release. 
. On the other hand
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According to Stoyan and Wagner (2001), the number of traps 
, if not enough traps are positioned in close distances of the 
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research area considering the fact that a single seed tree was not observed but a group of adult 
trees. According to Stoyan and Wagner (2001), the ideal case for investigating seed dispersal 
is the observation of a single isolated tree without any influence of other conspecific adult 
trees of the same species. Moreover, if seed dispersal is isotropic, there is a high probability to 
approach to true density functions and estimation of total amount of fruits per tree. 
 
Moreover, the inverse model is considered as an approach pioneered by Ribbens et al. (1994) 
and presented as an efficient tool to model seed dispersal without analyzing genetic features 
of seed trees. Nevertheless, Jones and Muller-Landau (2008) mentioned that a rough sense of 
spatial variation of the source plants is advised to avoid overestimation of the dispersal 
parameters. However, the inverse modelling approach has been proved in several occasions to 
be a robust tool to estimate dispersal parameters (van Putten et al, 2002; Dalling et al., 2002; 
Greene et al., 2004; Wagner et al., 2004; Wälder et al., 2009; Nanos et al., 2010; Sánchez et 
al., 2011). Inverse modeling has been used among a number of practitioners, there are still 
some discussions and disagreements over the most appropriate functional form for the 
dispersal curve. Dispersal functions such as lognormal (Stoyan and Wagner, 2001), the 2Dt 
function proposed by Clark et al. (1999) which was exponential in shape, but with a normally 
distributed variable for the scale parameter and two-parameter Weibull function proposed by 
Ribbens et al. (1994) have been in the past years strongly discussed. Theoretical studies of the 
implications of seed dispersal, population dynamics, and community structure, as well as 
dispersal evolution indicate that the shape of dispersal kernel is fundamental (Levin et al., 
2003). According to Clark et al. (1999), a challenge in predicting seed dispersal is account for 
models which accurately describe dispersal across a range of spatial scales. Moreover, the 
choice of an optimal dispersal model (e.g. frequency distribution of dispersal distances) as 
well as the accuracy of the model predictions depends highly on the layout of the traps 
(Stoyan and Wagner, 2001). 
 
According to Schurr et al. (2008), inverse modelling approach cannot be used to estimate the 
effects of spatially varying environments on fecundity and dispersal. The analysis of 
environmental effects seems particularly important for understanding and predicting how 
plants perform in heterogeneous environments and how they respond to environmental 
change. Dalling et al. (2002) mentioned that inverse modelling present important caveats in 
the use and interpretation of the method which need to be acknowledged. Data are generally 
sufficient to fit models with a small number of free parameters, restricting in this sense the 
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shape of possible seed shadows, just as sparse data in ordinary analysis may make it 
impossible to fit anything but a linear model.  
 
Overall, seed dispersal processes at all scales must be better understood in changing scenarios 
in order to predict dispersal under climate change for instance. This study demonstrated that 
inverse modelling methods are a valuable conceptual tool to characterize local seed dispersal 
patterns of study species Q. grandiflora. It must be also considered that it only requires small 
amount of information, mainly seed tree size and location, seed densities in traps and seed 
trap locations.  
 
3.4.2  SEED DISPERSAL MODELLING  
Seed dispersal modelling results are discussed based on the analysis of the yielded models for 
tree species Q. grandiflora for datasets 2015 and 2016. According to Wälder et al. (2009), 
model fitting should not only produce suitable models, but it should also produce results that 
can be interpreted with respect to ecological functions and individual-based effects. 
Moreover, inverse modelling results is a reflection of the seed data depositions and therefore 
may present interannual variations in the model output. Main aspects here discussed based on 
the analysis of seed dispersal of study species results are the following: (i) is lognormal 
distribution as a density function suitable for modelling seed dispersal of Q. grandiflora based 
on the resulting estimated parameters of inverse modelling (ii) estimated MDD and predicted 
seed production and (iii) does anisotropic modelling present a better model fit based on AIC 
values and bootstrapping results in comparison to the isotropic case?  
 
The general study hypothesis of the present study was to prove that seed dispersal of tree 
study species Q. grandiflora can be modelled by standard inverse models to estimate dispersal 
probabilities in distance and azimuth direction. Specific hypotheses regarding inverse 
modelling results are: (i) a lognormal seed density kernel is appropriate to model the distance 
effect in seed dispersal and (ii) directionality effect is of importance to the seed dispersal 
pattern of study species, therefore anisotropic modelling is more appropriate.  
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Hypothesis 1: Seed dispersal of tree study species Q. grandiflora can be modelled by 
standard inverse models to estimate dispersal probabilities in distance and azimuth direction. 
Available previous information on seed dispersal of tree study species is scarce, and deals 
only merely on descriptive as dispersal mechanisms and characteristics of seeds (Batalha and 
Mantovani, 2000; Rosseto et al., 2005; Kutschenko, 2009; Toppa et al., 2004; Silvério and 
Lenza, 2010; Salazar et al., 2012), whereas information on seed distances, densities or 
directions as a result of transportation by wind are almost inexistent. Inverse modelling to 
estimate dispersal probabilities in distance and azimuth direction for tree species Q. 
grandiflora resulted in an optimal approach considering the resulting parameter estimates of 
the model. Therefore, the general hypothesis of the present study is accepted.  Inverse 
modelling was an optimal tool to predict MDD values for isotropic cases. Resulting MDD of 
study species Q. grandiflora ranged from 10.69 m and 62.78 m (considering isotropy). 
Results of the present study can be compared with other tree species showing similar seed 
morphology. Seeds of Q. grandiflora have an average length of 1.7 cm, a width of 0.8 cm, 
and are 0.3 cm thick (Ferreira et al. 2001). Seed mass of study species ranges between 50 and 
130 mg (Kutschenko, 2009). Morphological characteristics of seeds of study species are 
comparable in size and weight with the species Acer platanoides and Acer pseudoplatanus 
which present similar seed morphology in terms of seed length (3 to 5 cm for both mentioned 
species) and seed mass 60 and 70 mg, respectively (Matlack, 1987; Meiners, 2005). 
According to Kohlermann (1950), MDD values for Acer platanoides is 83 m considering a 
5.9 m/sec wind speed and for tree species Acer pseudoplatanus values varying from 26, 33 
and 69 based for different wind speeds 1.7, 2.7 and 5.9 m/s, respectively. MDD resulting 
values of Q. grandiflora of the present study are relatively close to the obtained values for tree 
species A. platanoides and A. pseudoplatanus.  
 
Martin and Canham (2010) suggested that larger individuals increasingly dominate seed 
production during low seed years. Previous studies also assumed that seed production 
increases as a squared function of DBH, as for instance shifting from a linear related to 
aboveground biomass, scaling to a DBH with an exponent slightly greater than 2 (Jenkins et 
al., 2004).  Predicted scenarios for fruit production of study species Q. grandiflora based on 
the isotropic model for year 2016 is shown in Figure 3.11. Variation of fruit parameter, within 
the equation = ℎ  presented in page 8, yields in different resulting trends (e.g. 
exponential, linear) in relation to DBH of seed tree (parameter α = -5.54, isotropic model). 
Increase of the fruit parameter results in a tendency of the fruit production to shift from linear 
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to exponential as shown in Figure 3.11. In order to fit the model to the data for the isotropic 
case the fruit parameter (fruit) needed to be fixed before modelling (isotropy and anisotropy) 
for both study years. Accounting for the different fecundity or fruit production scenarios of Q. 
grandiflora, more appropriate modelling approach was attained considering fruit parameter = 
2.5. It means that fruit production increases 2.5 times with increase of DBH. Fecundity 
estimation is a key aspect to be analyzed. Moreover, there is interannual variation of seed 
output or fecundity which partially depends on weather conditions (Nathan and Muller-
Landau, 2000).  
 
 
Figure 3.11. Estimated fecundity function of tree species Q. grandiflora considering different 
fecundity parameter fruit=2, 2.3 and 2.5 in relation to DBH (isotropic model) 
 
Estimated fecundity or seed production resulted of the different models, revealed that the 
isotropic model considering the lognormal distribution yielded values which ranged between 
50671 and 70632 seeds (DBH = 70 cm and a height of 8 m). Predicted fecundity for the 
anisotropic case assuming lognormal distribution as density function, showed that seed 
production ranged from 72121 to 81458 seeds. Considering the fact that no previous 
information is available for fecundity of tree species Q. grandiflora, no comparison could be 
attained in regards to fecundity. Knowledge about the fecundity and number of fruits and 
seeds produced by a tree influences pollinator attraction, pollen flow, resource allocation, seed 
predation and seed dispersal (Stephenson, 1981). Therefore, the presented results on estimated 
fecundity of study species Q. grandiflora needs to be confirmed with direct count data.  
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Hypothesis 1a: A lognormal seed density kernel is appropriate to model the distance effect in 
seed dispersal. 
Lognormal assumes that frequency distribution of dispersal distances usually shows its peak 
at some distance from the source, and falls off with distance (Okubo and Levin, 1989; 
Wagner, 1996). Lognormal was considered for modelling and has been applied with success 
on field data of seed collections of the present study. It has been repeatedly shown that the 
lognormal is capable of yielding good results in seed dispersal modelling (Greene & Johnson, 
1989), depending on ecological conditions (Wagner et al., 2004). Predicted MDD, 
considering a lognormal approach, yielded values ranging from 62.48 m and 10.69 m for 
years 2015 and 2016, respectively. MDD results of study species resulted plausible values 
which are comparable to other tree species presenting similar seed morphology (e.g. Acer 
platanoides, Acer pseudoplatanus) as stated above. Additionally, not only is the median 
distance traveled by diaspores of importance but also how the densities (number of seeds per 
unit area) vary with the distance (Green and Johnson, 1989). Results of estimated dispersal 
distances of the present study also reflect in part the fact that taller trees tend to have broader 
crowns, and therefore dispersed kernel distances are larger. Moreover, according to Muller-
Landau et al. (2008) taller trees are likely to disperse seeds farther distances by wind. Mean 
height of seed trees of Q. grandiflora is 6 m; therefore, low dispersed distances of diaspores 
are to be expected (e.g. predicted MDD value for year 2016 was 10.69 m). Dispersal kernels 
may vary among years and thus there are multiple possible sources and dispersal distances for 
each seed (Nathan and Muller-Landau, 2000). Therefore, the proposed hypothesis which 
states that a log normal seed density kernel is appropriate to model the distance effect in seed 
dispersal is accepted.  
 
Lognormal seed density kernel is more appropriate for modelling of Q. grandiflora 
considering that observed high density kernel dispersed close to the largest source tree in the 
group. The lognormal distribution function describes efficiently short distance of dispersal 
kernel because the curve shows convexity near the source and captures better the high seed 
densities directly beneath the canopies (Clark et al., 1999).  
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Hypothesis 1b: Directionality effect is of importance to the seed dispersal pattern of study 
species, therefore anisotropic modelling is more appropriate. 
Directionality (or anisotropy), denotes heterogeneity in seed density by azimuth directions in 
relation to seed tree´s position which has been accepted in several occasions for seed dispersal 
modelling (Wagner et al., 2004). Moreover, the directionality effect is caused by prevailing 
winds. Several studies have shown that anisotropic models yielded better fits for seed 
dispersal of anemochorous tree species (Green and Johnson, 1989; Stoyan and Wagner, 2001; 
Näther and Wälder, 2003). However, results of the present study indicated that isotropic 
modelling of seed dispersal assuming lognormal for study species Q. grandiflora showed a 
better goodness of fit. Therefore, the proposed hypothesis assuming anisotropy as an 
appropriate model for seed dispersal of study species is rejected.  
 
Overall isotropic model resulted in a more appropriate modelling approach. Results are 
confirmed by the applied bootstrapping approach (isotropy vs. anisotropy) with p-values 
0.838 and 0.292 for years 2015 and 2016, respectively. Better fits for isotropic models may 
have been influenced by no influence of wind direction or ground profile as dispersal kernel 
occurred. Furthermore, according to Nathan et al. (2001) at short time scales (< 0.1 s), the 
turbulent fluctuations are random, locally homogenous and isotropic. Turbulence may 
influence similar seed depositions in all directions. Seed distribution patterns considering 
isotropy may occur in regions with regular wind distribution patterns with homogenous 
vegetation landscape which influence the seed deposition in seed traps. According to 
Hovestadt et al. (1999), in dry forests or savannas, the vegetation usually does not form a 
closed homogenous canopy at any level. Also, presumably due to the occurrence of fires, 
drought, and herbivores the understory, is usually not dense and in many areas formed by 
grasses. The present research landscape was fairly homogeneous and therefore isotropic seed 
modelling may be considered as a proper seed dispersal model alternative. However, 
interannual variation of seed production (especially masting) may lead to different variation in 
dispersion patterns of seed rain, thereof different modelling results may be attained. 
According to Nathan and Muller-Landau (2000), dispersion patterns variation can arise from 
differences in relative seed output of individuals over time.  Moreover, based on personal 
observation in the field, the largest seed tree (DBH = 70 cm) as central point of the trapping 
scheme contributed largely to the seed traps and therefore this may have led to homogenous 
seed densities in all wind directions. Additionally, considering the fact that fire events in the 
research area is regular (every year) since 2010, heights of herbs and grasses remained low 
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which might also influenced the resulting seed distribution in the field. Moreover, seed 
distributions can be described quantitatively by factors mainly local density distance from 
seed trees and genetic makeup of neighboring seeds (Augspurger and Kitajima, 1992). 
 
Moreover, isotropic models related to the seed distance from seed trees need fewer parameters 
to be fitted or parameterized as for anisotropic models. According to Schwarz (1978), the fit 
of the model relies on the amount of parameters to be calibrated, as AIC penalize a model as 
the number of parameters increases. Therefore, a model to be selected must overcome this 
penalty and provide substantially better fit than the model with fewer parameter. Isotropic 
models, with few parameters, yielded a more appropriate approach to describe seed dispersal 
for tree species Q. grandiflora. Regarding results of correlation coefficients of models, 
anisotropic models showed slightly higher values in comparison to isotropic models (Tables 
3.4 and 3.5). This is to be expected considering that by increasing the amount of parameters 
should result in better accuracy and precision of estimates of kernel dispersal (van Putten et 
al., 2012).  
 
Directionality (anisotropy) caused by wind effect may not play a role for seed dispersal 
considering the poor fit of anisotropic models. Nevertheless, further studies on seed dispersal 
modelling are recommended to confirm the present results. Moreover, information on spatial 
distribution of seeds of tree species might settle the bases to attain successful establishment of 
seedlings.   
 
3.5  CONCLUSION  
Anemochorous seed dispersal of study tree species Q. grandiflora was modelled by 
parameterizing using inverse modelling approach and predicted significant values for seed 
production and seed distances considering the isotropic case and assuming a lognormal 
distribution as density function. Moreover, comparison results of modelling alternatives 
isotropy vs. anisotropy by application of bootstrapping technique confirmed that the isotropic 
model is considered as an excellent alternative for modelling seed dispersal for tree species Q. 
grandiflora. Plausible estimated values for MDD ranged between 10.69 and 62.48 m and the 
estimated seed production reached values between 50671 and 70632. It is important to 
mention, that modelling results once again are subjected to the seed data input and 
parameterization. Therefore, probably different findings are to be expected with different seed 
data sets. However, results represent a first approach to retrieve information on seed dispersal 
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of study species. Moreover, this knowledge is important in the field of ecology in order to 
take important decisions concerning the management of the study tree species pursuing the 
conservation in situ in the cerrado formation.  
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4.       SPATIAL ANALYSIS OF QUALEA GRANDIFLORA (MART.) 
4.1  INTRODUCTION 
 
Understanding of the spatial distribution of plants is crucial for determining the structure and 
dynamics of populations and communities (Nathan and Muller-Landau, 2000). Establishment 
of regeneration is influenced by different processes such as dispersal (Dalling et al., 1998; 
Setterfield, 2002), competition (He et al., 1997; Martínez et al., 2013), herbivory (Connell, 
1971; Augspurger and Kitajima, 1992) and fire (Hoffmann, 1998; Bond and Keeley, 2005; 
Fidelis, 2008) in Neotropical savannas. Furthermore, the survival of seedlings in the field 
depends as well as the “safe site” availability (Green 1983; Geritz et al., 1984; Clark and 
Clark 1984). Safe sites represent sites with favorable moisture, nutrient, light, temperature and 
biotic conditions for establishment of seedlings (Harper 1977). Differences in microsite 
suitability lead to patch-dependent differences in seed survival, germination, establishment 
and /or growth, and consequently to the conversion of an initial pattern of seedfall into a final 
pattern of adults (Schupp, 1995). 
 
Seed dispersal is one of the processes which define the spatial arrangement of recruitment in 
the field (Wenny, 2000). Overall, seed dispersal tends to be very patchy with concentrations 
of released seeds near the conspecific adult trees causing an aggregated pattern and as the 
plants develop the spatial arrangement of adult trees tends to be relatively even distributed 
and less strongly aggregated due to mortality (Skarpe, 1991). Hubbell (1979) argued that with 
realistic seed dispersal and survival curves, recruitment should always be higher near adults 
because of the disproportionately high seed densities deposited there. Clumped spatial 
distributions of tree species are expected when seed density is highest beneath the seed trees 
and seedling mortality occurs at random (Howe, 1989). Seedling spatial patterns and 
abundance, then, would depend upon the pattern of seed availability (seed limitation), rather 
than upon the pattern of established success (establishment limitation), including differences 
due to quality of seeds or genotype-microsite interactions (Nathan and Muller-Landau, 2000). 
Available information on spatial distribution of study tree species Q. grandiflora reported an 
increasing aggregation from small to large size classes (Costa and Santos, 2016).  
 
Another factor which influences the spatial patterns of recruitment of tree species is 
competition (Nathan and Muller-Landau, 2000). Therefore, the challenge in plant ecology 
remains on understanding how the spatial patterns change with succession due to competition 
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and thus predict stand dynamics (Dale, 1999; Browning et al., 2008). Competition is an 
important mechanism which has influence on the spatial arrangement of plants in a 
community. According to Getzin et al. (2008), in case competition has effect on the 
distribution of the individuals in the field, due to competition-induced mortality, spatial 
distributions of trees becomes more regular with succession. However, sometimes 
competition may not be strong enough to cause significant mortality of individuals but may 
only cause a growth reduction.  
 
Moreover, fire and herbivory deserve a special attention because they play an important role 
affecting the spatial patterns of recruits in Neotropical savannas (Skarpe, 1991) as well as soil 
conditions (Medina and Silva, 1990). It has been demonstrated that the role of fire interferes 
with processes of competition of woody plants causing disturbance and promoting aggregated 
distribution (Menaut et al., 1990; Skarpe, 1991; Kennedy and Potgieter, 2003). Reduced seed 
production due to fires ultimately reduces seedling establishment depends on factors which 
limit seedling recruitment: (i) availability of seeds, and (ii) availability of suitable microsites 
for establishment (Harper, 1977; Setterfield, 2002). In addition, the main regeneration strategy 
of savanna species is vegetative reproduction by sprouting or root suckers following fire 
occurrence (Hoffmann, 1998; Mistry, 1998; Setterfield, 2002; Hoffmann et al., 2004).  
 
Two main approaches being the “Janzen (1970) and Connell (1971) hypothesis” and the 
“Ecological field theory” (EFT) presented by Wu et al. (1985) are to be considered to analyze 
and discuss the spatial patterns resulted for the study species Q. grandiflora. The hypothesis 
of Janzen (1970) and Connell (1971) appears to explain the patterns of increasing recruit 
densities as the distance to the seed tree increases. Janzen (1970) and Connell (1971) 
demonstrated that host-specific seed and seedling enemies (herbivores or pathogens) play an 
important role as “spacing agents” in tropical forests by preferentially attacking seeds or 
seedlings close by adults and therefore increasing densities far away from adults. Competition 
between plants presumably causes density-dependent mortality and leads towards regular 
spacing between individuals. EFT deals with interaction among neighboring plants located at 
a distance from each other (Wu et al., 1985). The factors considered influencing the 
interaction of plants for the EFT are described in terms of root, crown and stem spatial 
influences. The approach provides the basis for analysis of spatial interactions between plants 
of different size and growth-form in models of plant community and land cover dynamics 
(Walker et al., 1989). In order to understand the change in spatial structure and individuals’ 
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interaction throughout succession based on the tree sizes, it is expected that distance from 
seedlings to adult trees increases through time with the advance of growth stages. This 
statement is in agreement with the Janzen (1970) and Connell (1971) hypothesis previously 
described. Moreover, considering the EFT approach, root competition among recruits and/or 
seed trees and seed tree crown influence of tree species Q. grandiflora can either increase or 
decrease resource availability (Wu et al., 1985). 
 
The purpose of the present study was to evaluate the spatial of recruitment of seedlings and 
juveniles of study species Q. grandiflora based on the different size classes. Comparison of 
the spatial pattern of different size classes of individuals can help to reveal the importance and 
characteristics of underlying processes, such as seed dispersal, seed germination, seedling 
development and survival. Analysis of spatial patterns within and between groups of trees in 
size and competitive intraspecific characteristics can aid in the reconstruction of past stand 
structure (Dale, 1999). It also serves to understand and interpret development processes that 
have resulted in the patterns observed in the present (Moeur, 1993). Therefore, the hypotheses 
of the present study are: (i) aggregated spatial arrangements for tree species Q. grandiflora are 
expected for seedlings (height ≤ 200 cm) with an overall tendency to random distribution; 
whereas juveniles (200 to 500 cm height) show random spatial pattern in relation to distance 
to conspecific adult trees as a result of microsite conditions and (ii) height and distance to 
seed tree is positively correlated for seedlings and juveniles of study species Q. grandiflora. 
Moreover, taken height as a surrogate for age, offsprings are located far from parent trees as 
they grow older. 
 
4.2   METHODOLOGY 
4.2.1 DATA COLLECTION - FIELD SAMPLING 
Data collection for spatial pattern analysis for tree species Q. grandiflora was attained. A 
previous reconnaissance study was carried out in order to define the study sites for the 
analysis. Moreover, the selection of the study site was attained based on the criteria selection 
mentioned in chapter 2.4 of the general methodology. Once the site was selected, a 1-hectare 
(100 x 100 m) plot was established. The plot was divided in sub-plots of 10 x 10 m for the 
measurements throughout the entire 1-hectare plot. Demarcation of plots for analysis of 
spatial patterns was achieved by placing wooden marked poles. Orange marked poles were 
used for demarcation of the 100 x 100 m and 10 x 10 m plots and blue marked poles for 
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demarcation of the center of the subplots. This marking served as limits for later 
measurements (Figure 4.1). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Marking of the plot and subplots for spatial pattern analysis for tree species Q. 
grandiflora. 
 
Measurements in subplots for tree species Q. grandiflora were: (i) position of trees (Cartesian 
x and y coordinates), (ii) total height of individuals of study species, which was measured 
with a folding meter, and (iv) diameter at breast height (DBH 130 cm), which was measured 
for trees with heights > 200 cm with a diameter tape. Moreover, the azimuth of the margins of 
the 1-hectare plot was recorded with a compass (Figure 4.2 and 4.3).   
 
 
 
 
 
 
 
 
 
 
 
10 m 
10 m 
SUBPLOT 
- 4. SPATIAL ANALYSIS OF QUALEA GRANDIFLORA (MART.) - 
 
84 
 
 
 
Figure 4.2: Measurement of Azimuth with compass (left) diameter at breast height 
measurements with diameter tape in plots (right) 
 
Tree positions were measured by placing in a perpendicular way two measure 50 m tapes on 
the forest floor with a common center and register x and y coordinates. An extra measure tape 
was used to register the distances considering the Cartesian system x and y. All trees of study 
species Q. grandiflora were measured in all development stages (germinant to adult) within 
the 1-hectare plot. An important consideration during measurements in the field is that 
cerrado species present asexual reproduction or clonal growth by resprouting (Rizzini, 1965). 
Thus, underground connections make identification of individual plants difficult. Therefore, 
careful observation was attained to identify different individuals on the site.  
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Figure 4.3: Tree position measurements in the field for analyzing spatial point pattern of tree 
species Q. grandiflora. Photos denote adult tree, seedling and juvenile (left to right) of tree 
species Q. grandiflora. 
 
 
4.2.2  DATA ANALYSIS 
4.2.2.1 SPATIAL POINT PATTERN – EXPLORATIVE ANALYSIS 
One of the main goals of the analysis of study species Q. grandiflora, was to examine the 
changes in the spatial patterns as they progress through several growth stages in the 
regeneration process. Therefore, trees were classified in different height classes for analysis. 
Seedlings of Q. grandiflora were accounted as trees with heights ≤ 200 cm. The reason for 
delimitation of the mentioned size of seedlings was to assure satisfying amounts of 
individuals for further analysis. Seedlings were divided into four height classes: small 
seedlings, > 50 cm tall; large seedlings, 50 – 100 cm tall, small saplings, 100-150 cm and 
large saplings, 150 – 200 cm. Juveniles with heights 200 – 500 cm and seed trees with heights 
> 500 m and DBH > 20 cm. Seed trees of Q. grandiflora were defined as individuals with 
DBH larger than 20 cm according to Borges et al. (2011). An important issue to consider in 
the present study is that size of the individual is a widely used proxy for age and is assumed in 
the present analysis. It is difficult to separate the effects of stem size and age on growth, 
because both increase together under natural conditions (Bowman et al., 2013). Considering 
x 
y 
Ht ≥ 500 cm 
DBH = 130 cm 
 
Ht 200 – 500 cm 
x 
y 
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the regular fire interventions in the present study, local tree populations often have few 
seedlings or saplings and large numbers of suppressed small trees (usually < 1.5 m tall) of 
indeterminate age that have survived for years, often resprouts from low stems or 
underground organs. Therefore, bias in the analysis of results is expected.  
 
The purpose of the following analysis was to evaluate the changes in spatial patterns of study 
tree species as they progress through several development growth stages in the regeneration 
process. Therefore, observed pattern based on the location of seedlings and juveniles in 
relation to distance to the seed trees was modelled in order to test whether the distance factor 
was statistically significant. Additionally, the spatial distribution of individuals of study 
species was evaluated based on the different size classes.  
 
The spatial pattern of study tree species Q. grandiflora was evaluated by a spatial point 
pattern approach using the package spatstat of software R. The spatial distribution in two 
dimensions of trees for different size classes of individuals was assessed. Therefore, data was 
prepared for analysis which contained the information on positions (coordinates x and y) of 
individuals of Q. grandiflora in the 1-hectare plot. An explorative analysis of the distribution 
of individuals categorized in the different growth stages was evaluated. Spatial patterns for 
each size class was mapped in a two dimensional space and plotted to have a first glance of 
the individuals’ arrangements in the plot.  
 
Moreover, explorative analysis of the distance effect of seedlings and juveniles to adult trees 
categorized in the different development stages was attained by application of the resource 
selection function (rhohat function in spatstat) which is described in chapter 2.6.4.1.1, page 
36.  This function examines the dependence of intensity or density of individuals on a 
covariate, in this case, the distance to adult trees. Envelopes were applied to measure the 
variation in relation to the Poisson process.  
 
Following, the evaluation of the clustering of seedlings and juveniles of study species in 
relation to conspecific adult trees was performed by application of the multitype pair cross-
type pair correlation function g(r) (pcfcross in spatstat) with envelopes to evaluate the 
variation relating to the Poisson process. The multitype pair correlation function calculates an 
estimate of the cross-type pair correlation function for a multitype pattern. The cross-type pair 
correlation function in a generalization of the pair correlation function (pcf) to multitype point 
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patterns. The pair correlation function contains the contribution from the interpoint distances 
equal to r (Baddeley et al., 2016) and is in detailed described in chapter 2.6.4.1.2, page 37 of 
general methods. Therefore, results of the multitype pair correlation function give the 
information on the interaction of seedlings and juveniles in relation to conspecific adult trees. 
This interaction is often mutual repulsion leading to patterns of some regularity. However, 
trees may suggest interaction by resulting in a clustered pattern (Illian et al., 2008). The 
multitype pair correlation function serves as an explorative tool to describe the spatial 
arrangement of trees within the observation window (Baddeley et al., 2016).  
 
4.2.2.2   POINT PROCESS MODELLING (POISSON AND GIBBS MODELS) 
The distance effect of seedlings and juveniles to adult trees was analyzed by applying the 
point process modelling considering the Poisson process (no interaction) and Gibbs 
(interaction) approach by using the command ppm in spatstat. Poisson process has the 
property that random points are independent of each other, whereas for Gibbs models there is 
a dependency between points (interaction). The purpose of point process modelling was to 
evaluate the distance effect to adult trees for all development stages of individuals of study 
species Q. grandiflora and fit the point process model to the point pattern dataset containing 
the information on spatial distribution of seedlings and juveniles of study species. The 
variables considered for modelling were the point pattern dataset containing the positions of 
the seedlings and juveniles of study species and the distance function to adult trees (pixel 
image). The distance of a point pattern X is the function f whose value f (u) is defined for any 
two-dimensional location u as the shortest distance from u to X. As a result, the function 
returns a distance map of the point pattern as a pixel image. The grey scale value at a pixel u 
equals the distance from u to the nearest point of the pattern X (Baddeley et al., 2016). 
Modelling was performed for all plant development stages of study species.  
 
Gibbs point process models were used to analyze the dependency of point pattern on spatial 
covariates, such as distance of seedlings to adult trees and investigate the interaction among 
tree recruits. Therefore, Gibbs point processes are fitted to a point pattern dataset with 
positions of seedlings and juveniles of study species and the distance function of adult trees 
(pixel image) described above. A Gibbs (called also Markov) point process is defined by a 
function that represents the interaction “cost” incurred between two points at some distance 
(Diggle, 2003). The interpoint interaction within the observation window as an extra 
argument refers to the area of the region obtained by drawing a disc of radius r centered at 
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each point and taking the union of these discs considering the edge effect which defines the 
border region of the window (Baddeley et al., 2016). Moreover, modelling results also 
estimates the interaction among pair of points and is presented graphically as the interaction 
function (h(r)) described in general methods chapter 2.6.4.2, page 39.  The interaction 
function derived from the modelling results is useful to show the spatial patterns of 
individuals in each size class of tree species Q. grandiflora. The pattern in Gibbs point 
process is simulated by means of sequentially selecting, deleting and moving events in order 
to minimize the sum of the interactions associated with every pair of events (Perry et al., 
2006).  
 
The model fitted by the mentioned command above (ppm) is a Poisson point process takes the 
following equation forms for model I (no interaction) and Gibbs point process model II 
(considering interaction): 
 
Model I:   ( ) = +  log  ( )     (4.1) 
Model II: ( ) = + log  ( ) +  ( )    (4.2) 
 
where ( )is the intensity function considering to be modelled without interaction,  ( ) 
is the logarithmic value of the distance at location . The argument to the logarithmic 
function (in this case +  log  ( ) is referred to as the “linear predictor”). The 
component ( ) is called the “effect” of the covariate D (distance). In Model II, S(r) 
represents the area of the disc of radius r centered at a point within the window.  
 
Furthermore, summary statistics was used as test statistics and were calculated for observed 
and simulated patterns. In other words, the parametric model is fit to the data and the 
parameter of this model succinctly summarizes the properties of the point pattern, if they fit 
the data well. Additionally, model validation techniques such as spatial cumulative 
distribution function (CDF) and evaluation of the residuals of the model by application of 
QQ-Plots, residuals functions (Gres) and four-panel residual diagnose were applied to 
evaluate the goodness of fit of the fitted point pattern process. Finally, the statistical test 
analysis of variance (ANOVA test) was applied to compare fitted models I and II and state 
whether they differ or not from each other. Analysis of the spatial statistics was performed 
with software R (package spatstat). 
 
- 4. SPATIAL ANALYSIS OF QUALEA GRANDIFLORA (MART.) - 
 
89 
 
4.2.3  RESULTS 
4.2.3.1 SPATIAL DISTRIBUTION OF INDIVIDUALS OF STUDY SPECIES 
In order to attain the spatial analysis of study tree species Q. grandiflora, individuals were 
classified according to their size classes. Size classes of individuals were classified as follows: 
ss1: 0 – 50 cm, ss2: 50 - 100, ss3: 100- 150 cm, ss4: 150 – 200 cm, ss5: 200 – 500 (juveniles) 
and ss6: heights > 500 cm (seed trees). Frequency distribution of the individuals observed and 
recorded within the 1-hectare plot of species Q. grandiflora is presented in Figure 4.4. Results 
shows that the highest amount of individuals was observed within the size class ss2 (43%) and 
the lowest amount of individuals were recorded in size classes ss4 (5.7%) and ss6 (5%).  
 
 
Figure 4.4: Frequency distribution of individuals of study species Q. grandiflora according to 
size classes. Size classes: ss1: 0 – 50 cm, ss2: 50 - 100, ss3: 100- 150 cm, ss4: 150 – 200 cm, 
ss5: 200 – 500 and ss6: heights > 500 cm.  
 
The distribution of the heights of the individuals of study species classified in the different 
size classes is presented in Figure 4.5. Results showed that median of height of seed trees was 
6 m and the maximum height observed within the category ss6 was 8 m. Minimum heights 
registered for seedlings was 10 cm.  
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Figure 4.5: Boxplot showing the distribution of heights of individuals of study species Q. 
grandiflora classified in the different size classes. Size classes: ss1: 0 – 50 cm, ss2: 50 - 100, 
ss3: 100- 150 cm, ss4: 150 – 200 cm, ss5: 200 – 500 and ss6: heights > 500 cm. 
 
Spatial distribution of study tree species Q. grandiflora showed different patterns within the 1 
hectare (100 x 100 m) study plot presented in Figure 4.6. A first impression of the local 
position of the trees grouped in different size classes shows that seedlings with heights up to 
100 cm seemed to be more aggregated. Furthermore, with the increase of the size classes the 
aggregation patterns decreases. A striking feature to observe in the spatial arrangement of 
individuals of study species is that for seedling class ss1 and ss2 higher amount of  individuals 
are located in the inferior left corner and in the right-hand edge of the study region. 
Furthermore, seedlings of size class ss3 decreased and individuals are not as close with each 
other as for observed for size classes ss1 and ss2. Seedlings for size classes ss3 and ss4 
decreased progressively in the right corner of the study region, and additionally there was 
concentration of seedlings in the middle and right corner of the region. Juveniles of size class 
ss5 showed a decrease of individuals in comparison with size classes ss1 and ss2.  
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Figure 4.6: Spatial distribution of seedlings, juveniles and seed trees of Q. grandiflora. 
Circles in the figure denote the individuals of study species and N refers to the amount of 
individuals observed and mapped per size class within the plot 
 
Following, the spatial arrangement of individuals needs to be evaluated based not only on 
direct visual observation within the plot (as shown in Figure 4.6) but also visualizations need 
to be statistically confirmed. Results of estimated cross-type pair correlation function (Figure 
4.7) (pcf-cross in spatstat) which depicts the spatial arrangement of seedlings, saplings and 
juveniles of Q. grandiflora related to the conspecific adult trees showed: (i) a distance effect 
of seedlings and juveniles to conspecific adult trees and (ii) changes in patterns with increase 
of size classes of individuals of study tree species. Seedlings with heights less or equal than 
50 cm showed aggregation patterns g(r) >1 for distances up to 15 m and shifting to a tendency 
of randomness (values of g(r) close to 1) with increasing distance. Seedlings with heights 
ranging from 50 to 100 showed a possibly inhibition at very short distances and shifting to 
cluster patterns up to 15 m. Saplings with heights 100 to 200 cm presented overall random 
patterns at larger distances (from 12 m onwards) and larger saplings (150 to 200 cm height) 
presented regular patterns at lower distances shifting to random patterns.  Additionally, 
juveniles (heights 200 to 500 cm) presented regular patterns up 15 m and shifting to random 
patterns (g(r) ~ 1) with increasing distances. However, results should be taken with caution 
for larger saplings (150 to 200 cm height) and juveniles (200 -500 cm height) considering the 
ss2: Seedlings (50 - 100 cm) 
N = 296 
ss3: Saplings (100 – 150 
cm) N = 77 
ss4: Saplings (150 – 
200 cm) N = 39 
ss5: Juveniles (200 – 500 cm) 
N = 97 
ss6: Seed trees (> 500 cm) 
N = 34 
ss1: Seedlings (0 - 50 cm) 
N = 138 
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low amount of observed individuals (n= 39 and 34, respectively). Furthermore, the lower and 
upper envelopes are represented as grey area in Figure 4.7. 
 
 
Figure 4.7: Multitype pair correlation function of spatial arrangement of seedlings and 
juveniles of species Q. grandiflora with respect to conspecific adult trees. 
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Evaluation of the distance effect between seedlings and saplings (heights ≤ 200 cm) and 
juveniles (200 – 500 cm height) to adult trees of study species Q. grandiflora based on the 
application of the rhohat function with envelope effect is shown in Figure 4.8. Figure 4.8 
depicts spatial arrangement variation of individuals among the different size classes in 
relation to the location or position of seed trees in the plot. By comparing the different 
scenarios above which shows the results of intensity function of distance of seedlings and 
juveniles to seed trees it can be shown that a change of seedlings to different development 
stages based on size classes leads to: (i) highest densities or intensities (m2) of seedlings 
(heights <50 cm) close to the conspecific adult trees, (ii) a shift of  intensity of seedlings, 
saplings and juveniles with increase of growth stage or size and (iii) existing trend of higher 
densities of large saplings (150 –200 cm) established at larger distances to the conspecific 
adult trees. Moreover, tendency of high densities of juveniles at larger distances from adult 
trees was also estimated. These results clearly indicate that the spatial patterns of seedlings of 
study species present different spatial arrangements in relation to the location of the 
conspecific adult trees. Highest estimated intensities of seedlings in all developing stages with 
exception of size class ss1 (heights < 50 cm) reach a peak between distances 7 to 20 m from 
conspecific adults (the values are calculated by applying the inverse logarithm of distances 
shown in the Figure 4.8). Apparently, results show a distance effect of seedlings, saplings and 
juveniles to conspecific adults. However, these explorative statistics results need to be 
confirmed by the modelling approach presented below.   
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  Saplings (100-150 cm) 
 
   Juveniles (200 – 500 cm)     
 
Figure 4.8: Smoothing estimate of intensity as a function of logarithm of the distance of 
seedlings, saplings and juveniles to seed trees (DBH > 20 cm) based on previously defined 
size classes of study species Q. grandiflora. 
 
 
Saplings (150– 200 cm) 
Seedlings (0 - 50 cm) Seedlings (50 - 100 cm) 
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4.2.3.2  MODELLING DISTANCE EFFECT OF RECRUITMENT TO ADULT TREES 
The effect of distance between seedlings, saplings and juveniles to conspecific adult trees of 
study species Q. grandiflora was statistically tested by modelling the observed point patterns 
considering two different scenarios, model I and model II (Equations 4.1 and 4.2). In order to 
estimate the distance effect of individuals in different development stages to adult trees, the 
estimated distance function of adult trees Distsmooth (Figure 4.9) was calculated and for 
modelling purposes the logarithm values of Ditstmooth were used.  First scenario Poisson 
model (model I) modelling without considering interaction of points (trees) and second 
scenario Gibbs model with interaction (model II) of seedlings, saplings and juveniles. 
Considering these two scenarios, modelling estimates varied among the different development 
growth stages of study species.  
 
 
 
 
 
 
 
 
Figure 4.9: Distance map of adult trees of species Q. grandiflora 
 
Results showed that only model II (considering interaction) for evaluation of larger saplings 
ss4 (150 – 500 cm) presented the best fit of observed point patterns in the field. Model 
validation techniques were applied to evaluate the fit of the model to the data. Nevertheless, it 
must be noticed that the model resulted not statistically significant (p > 0.05); however, 
resulted value of Z-score (1.951) was close to the value accepted to be significant with a 95% 
level of significance (Table 4.1).  
 
Modelling results of the distance effect of seedlings, saplings and juveniles to conspecific 
adult trees of study species are presented in Table 4.1. Results show that size class ss1 (0 – 50 
cm) presented negative estimated values for transformed density function of distance log 
(Distsmooth) = -0.338 and = -0.184 for models I and II, respectively. Meaning, for 
estimates < 0, higher distances of seedlings of ss1 class to seed trees are associated with 
Distsmooth image 
- 4. SPATIAL ANALYSIS OF QUALEA GRANDIFLORA (MART.) - 
 
96 
 
lower expected seedlings densities on the multiplicative order as exp (-0.338) = 0.713 and exp 
(-0.184) = 0.831 for models I and II, respectively. Moreover, goodness of fit of both models 
(Model I and Model II) for ss1 was highly significant and significant, respectively. 
Furthermore, results of ANOVA statistical test for comparison of models I and II yield a p-
value < 2.2 e-16, showing that model I differs statistically from model II, which is the better 
one.  
 
Results of distance modelling effect of seedlings of size class ss2 (50 – 100 cm) to conspecific 
adult trees yielded different results for model I and model II. Results of estimated parameter 
for variable log (Distsmooth) = 0.023 for model I showed that high distances are associated 
with high seedling densities and = -0.003 for model II high distances is associated with low 
seedling densities. Furthermore, both estimates of 0.023 and -0.003 are not significant 
parameters and values are close to zero. There is hardly any effect of distance based on 
modelling results for seedling class ss2 considering that both resulting values are close to 0. 
For class ss3 (100 – 150 cm) modelling results presented positive estimated values for 
parameter , indicating higher expected seedling densities at larger distances. Nevertheless, 
the estimated parameters for log(Distsmooth) are not significant for size classes ss2 and ss3 
considering both scenarios (models I and II).   
 
Following, modelling results for saplings class ss4 (150 – 200 cm) presented positive 
estimates for variable log (Distsmooth) of =1.067 and = 0.851 for models I and II, 
respectively. Meaning, that considering positive values for parameter , larger distances of 
ss4 saplings from seed trees are associated with higher sapling densities on the multiplicative 
order as exp(1.067) = 2.906 for model I and exp(0.851) = 2.341 for model II. Additionally, 
estimated parameters from model I was statistically significant whereas estimated parameters 
from model II was not, however Z-score was 1.951 very close to the considered critical value 
1.96 of normal distribution used in probability statistics with a 95% confidence level. Results 
of ANOVA test showed that both models differed statistically (p-value = 0.017).   
 
As for juveniles ss5 (200 – 500 cm) results of model estimates presented positive values for 
variable log (Distsmooth)  = 0.225 and = 0.356 for both models I and II, respectively. In 
this sense, larger distances from seed trees are associated with higher densities of juveniles 
ss5.  Moreover, estimated parameters of log (Distmooth) of model I was not statistically 
significant whereas estimated parameters of model II was significant considering a 95% level 
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of confidence. Results of ANOVA test showed that both models differed statistically (p-value 
= 3.00e-11).   
 
Table 4.1. Modelling results of distance effect of seedlings and juveniles to seed trees of study 
species Q. grandiflora considering 2 scenarios (Model I and II) 
Code** Model* Variables Estimate Standard 
Error 
Ztest Z-score ANOVA 
(Model I vs. 
Model II) 
p-value 
ss1  I (Intercept) -3.547 0.251 *** -14.079 <2.2e-16 *** 
Log(Distsmooth) -0.338 0.120 ** -2.847 
II (Intercept) -5.019 0.236 *** -21.180 
Log(Distsmooth) -0.184 0.076 * -2.407 
Interaction 3.703 0.321 *** 11.515 
ss2 I (Intercept) -3.563 0.220 *** -16.154 <2.2e-16 *** 
Log(Distsmooth) 0.023 0.099 n.s. 0.25 
II (Intercept) -4.515 0.176 *** -26.418 
Log(Distsmooth) -0.003 0.076 n.s. -0.046 
Interaction 3.133 0.216 *** 14.506 
ss3 I (Intercept) -5.155 0.458 *** -11.239 9.96e-14 *** 
Log(Distsmooth) 0.183 0.201 n.s. 0.926 
II (Intercept) -5.443 0.356 *** -15.126 
Log(Distsmooth) 0.106 0.150 n.s. 0.705 
Interaction 2.764 0.532 *** 5.194 
ss4 I (Intercept) -7.307 0.857 *** -8.526 0.017 * 
Log(Distsmooth) 1.067 0.352 * 2.446 
II (Intercept) -7.266 1.100 *** -7.975 
Log(Distsmooth) 0.851 0.436 n.s. 1.951 
Interaction 1.888 0.855  n.s 2.051 
ss5 I (Intercept) -5.328 0.449 *** -11.859 3.00e-11*** 
Log(Distsmooth) 0.225 0.193 n.s. 1.379 
II (Intercept) -5.500 0.429 *** -12.819 
Log(Distsmooth) 0.356 0.178 * 2.003 
Interaction 4.252 0.945 *** 4.496 
** Code: ss1 = small seedlings (0 – 50 cm), ss2 = small seedlings (50 -100 cm), ss3 = small 
saplings (100 – 150 cm), ss4 = large saplings (150 – 200 cm) and ss5 = juveniles 
* Model: Model I =  ( ) = +  log  ( ) and Model II =  ( ) = + log  ( ) + ( )).  
 
Overall, ANOVA test results showed significance differences (p-value < 0.05) between both 
applied models for all development stages of study species considering the distance to 
conspecific adult trees (Model I vs. Model II). Meaning, by introduction of the interaction 
between points, model II resulted in a better fit of observed point patterns. Moreover, in 
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general results showed a shift of increase of individuals with growth stages of study species 
Q. grandiflora.   
 
Furthermore, Gibbs modelling results also provide evidence of spatial arrangement of 
seedlings, saplings and juveniles of study species Q. grandiflora (interaction) shown as the 
interaction function (Figure 4.10). Results show the spatial arrangement of seedlings, saplings 
and juveniles at the scale of the observation window (1-hectare plot). In this respect, findings 
indicate aggregation of individuals (ss1, ss2 and ss3) and the interaction between plants is also 
significant, whereas larger saplings (ss4) shows no interaction as also indicated in the model. 
Juveniles showed clustering and it was significant. Moreover, the resulting interaction 
estimators of modelling indicated a gradual decrease of clumping as the size of individuals 
(up to 200 cm height) increase (see Table 4.1) and this pattern tendency can be also observed 
in Figure 4.10.  c  
 
Figure 4.10. Interaction function results of Gibbs modelling (Model II) for all size classes for 
tree species Q. grandiflora 
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Results of model validation techniques for Model II (Q. grandiflora of size class ss4) are 
presented as follows: 
 
a) QQ plot of residuals: Results of QQ Plot of model II (considering interaction) to 
evaluate the distance effect of seedlings of class ss4 (150 – 200 cm) to adult trees 
showed that observed quantiles of residuals against theoretical quantiles of their 
assumed distribution fit the Poisson model and fitted values remain within the 
confidence intervals (Figure 4.11).  
 
 
 
 
 
 
 
 
 
 
Figure 4.11: QQ Plot of observed vs. predicted values of model of distance effect of saplings 
of size class ss4 to adult trees of Q. grandiflora 
 
b) Residual function (Gres): Based on the residual function results for the nearest 
neighbor distance distribution function of the model to evaluate the distance effect of 
saplings of size class ss4 to adults presents a good fit considering that the G function 
of the dataset approximates 0 (Baddeley et al., 2016). Moreover, predicted and 
observed residual values remain within the confidence intervals (Figure 4.12). 
QQ Plot - Normal 
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Figure 4.12: Residual function (Gres) of the model for saplings of class ss4 of tree species Q. 
grandiflora. Solid black lines represent the observed point patterns and red dotted lines the 
fitted point patterns of model. 
 
c) Four-panel residual plot: According to the diagnose residual plot of model for 
evaluation of the distance effect of saplings of class ss4 to adults showed that values of 
residuals are very low ranging from (-0.002 to -0.014) and the lurking variable plots 
for x and y coordinates (top right and bottom left plots) showed low values of 
residuals, x ranging from +3 to -3 and y ranging from +4 and -3 (Figure 4.13).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: Four-panel residual plot of model of distance effect of saplings of size class ss4 
to adult trees of Q. grandiflora 
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d) CDF plot: Based on the cdf test result which evaluate as well the goodness-of-fit of the 
point process model it is shown that the observed and predicted distribution of the 
values of the spatial covariate, in our case the Cartesian coordinate x, by applying the 
Kolmogorov-Smirnov test presented a good fit of the model. The null hypothesis is 
accepted (p-value = 0.59) which stated that the predicted values of the point process 
model presents good fit for the observed values (Figure 4.14).  
 
Figure 4.14: CDF test of model considering saplings of class ss4 of tree species Q. 
grandiflora 
 
Summarizing the modelling results of distance effect of seedlings, saplings and juveniles to 
adult trees, it has been demonstrated the following: (i) spatial patterns of seedlings, saplings  
and juveniles were strongly affected by the location of conspecific adult trees and (ii) a 
decrease of small seedlings (size classes ss1 and ss2) and increase of large saplings (ss4) and 
juveniles (ss5) with increase of distance to adult trees. Meaning, results indicated an 
increasing parameter value log (Distsmooth) of the distance to seed tree with increasing size 
class (proxy for age) of individuals of study species. As for instance, considering model II and 
estimates results of parameter of log (Distsmooth) for model II accounting for distance to seed 
trees were -0.184, -0.003, 0.106, 0.851 for seedlings and saplings, and 0.356 for juveniles. In 
this sense, very small seedlings with negative parameter values indicates low seedling 
- 4. SPATIAL ANALYSIS OF QUALEA GRANDIFLORA (MART.) - 
 
102 
 
densities with increasing distance to seed trees and the estimated parameter becomes larger 
(positive values) which means higher densities with increasing distance for larger seedlings 
(ss3 and ss4) and juveniles (ss5). This last statement has been proved by comparing estimated 
Z-scores of modelling results for both model type which indicated a shift from negative 
modelling estimates for parameter  to positive values. Meaning, it is expected an increase of 
large seedlings, saplings and juveniles’ densities at large distances of adult trees. Moreover, 
results of modelling considering interaction as an additional parameter showed to be highly 
significant for all size classes of seedlings and saplings (except for size class ss4) and 
juveniles.  
 
4.2.4  DISCUSSION 
4.2.4.1 APPLIED METHODOLOGY FOR SPATIAL ANALYSIS OF STUDY 
SPECIES  
Spatial pattern analysis of Q. grandiflora was attained in 1-hectare plot where all individuals 
at all developmental stages were registered. Moreover, because the individuals of study tree 
species were mapped within the 1-hectare area, inferences about patterns at larger scales 
could not be attained. It is possible, however, to infer small to medium scale processes. As for 
instance, North et al. (2007), used a variogram analysis of a pilot study to determine that a 4-
hectare plot was necessary to capture the range of spatial variation present in the study area. 
Other important aspect to consider is repetition, which was not considered for the spatial 
analysis of the tree study species. Replication is an important because it enables the 
observation of variability, and separate different sources of variability. Additionally, it is 
relevant to confirm the patterns observed in the field giving more precision to the results 
(Hurlbert, 1984).  
 
Another important aspect considered as a disadvantage in cerrado formations is the 
identification of single tree seedlings to analyze the spatial arrangement. Several species in 
the cerrado formation present various forms of subterranean organs and therefore very 
difficult to differentiate seedlings in the field (Rizzini, 1965). Moreover, regular fire 
interventions serve as trigger for resprouting (Hoffmann, 1998; Mistry, 1998; Hoffmann and 
Moreira, 2002; Hoffmann et al., 2009). As for instance, results may be influenced by 
occurrence of suppressed small trees of undetermined age in the area defined as small 
seedlings (0 – 50 cm). In this sense, the growth stage of the plant is disturbed by fire 
occurrences and affects the results of the spatial point pattern.  
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Regarding the applied methodology to analyze the spatial arrangements of individuals of 
study species Q. grandiflora and evaluate the distance effect of conspecific adult trees by 
application of Gibbs model resulted very efficient. In the present study, Gibbs processes as 
such do not model growth of individuals based on distances, but by modelling spatial 
locations of individuals is considered the survival of individuals in the given locations 
dependent on distances from competitors (Illian et al., 2008). Therefore, Gibbs model are 
considered important and powerful tool to show dependencies of points (trees) to certain 
variables (such as distance, cover, etc.). Furthermore, register and measurements of all 
individuals of study species Q. grandiflora within the 1-hectare plot was enough to derive a 
first glance of a certain trend or dependency of individuals to distance to conspecific adult 
trees based on the different development stages of study species and to determine the different 
distribution patterns of individuals in the different development stages of the study species Q. 
grandiflora. However, results of modelling might be biased, especially for larger individuals 
as they become older they need more space to develop and grow.  
 
4.2.4.2  SPATIAL ARRANGEMENT OF STUDY SPECIES 
Research aspects of the analysis of spatial analysis of study tree species discussed in the 
present study were: (i) spatial arrangement of the individuals of study tree species according 
to their different development growth stages and (ii) distance effect to seed trees of 
individuals of study species based on development growth stages of study tree species Q. 
grandiflora. The following hypotheses was investigated based on the mentioned research 
aspects:  
 
Hypothesis 1. Height and distance to seed tree is positively correlated for seedlings (up to 
200 cm height) and juveniles (200 to 500 cm height) of study species Q. grandiflora. 
Moreover, taken height as a surrogate for age, offsprings are located far from parent trees as 
they grow older. 
One of the goals of the present study was to analyze the statistical correlation of height and 
distance to seed trees for seedlings, saplings and juveniles of study species Q. grandiflora 
(considering size as proxy for age of individuals). Therefore, examination of the spatial 
arrangement of seedlings and juveniles in relation to the distance to seed trees of study species 
was attained. Processes involved in spatial distribution of offspring recruitment have been 
extensively studied in the past years in order to understand population dynamics (Howe and 
Smallwood, 1982; Augspurger, 1984; Wada and Ribbens, 1997). Modelling results of the 
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present study indicated that height and distance to seed tree is positively correlated for 
seedlings, saplings and juveniles of study species Q. grandiflora. Additionally, explorative 
statistical analysis (cross-type pair correlation function) also confirmed the high clustering 
patterns for seedlings with a tendency of inhibition as the size class increases. As for juveniles 
the interaction among individuals is low and estimated g (r) values were less or equal to 1 
(Figure 4.7). Moreover, according to the pcf-cross results, overall the strength of clustering 
around conspecific adults declined from seedlings to juveniles shifting to random patterns 
with increase of size. Therefore, the proposed hypothesis is accepted. Results showed that 
small seedlings (up to 100 cm height) densities decrease with increasing distance to adult 
trees. Thus highest seedling densities of small seedlings are close to seed tree (Table 4.1). 
Results of distance effect of seedlings, saplings and juveniles to distance to conspecific adults 
(exploratory statistics) also confirm the modelling results (Figure 4.8). The patterns of small 
seedlings close to the seed tree were probably influenced by the original patterns of seeds 
generated by wind dispersal (Augspurger, 1984). Considering modelling results for small 
seedlings of study species Q. grandiflora, Hubbell (1979) suggested that unless mortality of 
small seedlings is 100% near the source tree, the maximum number of recruited offspring will 
be found near the parent. Moreover, according to Okubo and Levin (1989), typically the 
dispersal curve falls off with distance and may achieve its apex at some distance away from 
the point source. On the contrary, larger seedlings (100 to 200 cm height) and juveniles (200 
to 500 cm height) increase their densities with distance to adult trees (Table 4.1). Steinitz et 
al. (2011), found that the mode of effective dispersal kernel is shifted farther away than the 
mode of seed dispersal kernel, reflecting increased survival with increasing distance from the 
seed tree. Possible causes of the present findings are: (i) distance -dependent mortality of trees 
with increasing size/age based on Janzen-Connell theory (Janzen, 1970; Connell, 1971), and 
(ii) competition of seed trees with increasing size/age (Wu et al., 1985). 
 
The first aspect of discussion is the distance or density-dependent mortality of trees with 
increasing size/age which is in accordance with the Janzen-Connell theory (Janzen, 1970; 
Connell, 1971). According to the mentioned theory, density-responsive enemies (such as host-
specific predators and pathogens) disproportionately attack high-density patches of seeds or 
seedlings with increasing proximity to the adult. Consequently, the model hypothesizes that 
mortality near parents is high, recruitment is limited to areas at some distance from 
conspecifics, and adults are more evenly spaced than expected from the pattern of seed fall 
(Schupp, 1992).  First, it increases the distance between offspring and seed tree; therefore, a 
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possible outcome is that some offspring may occur under other conspecific or non-conspecific 
adult tree. Second, it lowers seedling density; offspring is distributed over a greater area 
(Augspurger, 1984). Overall, the resulted patterns in the present study may suggest 
consistency with the Janzen-Connell hypothesis. In this sense, densities of large seedlings and 
juveniles increase with the distance to seed tree probably as a consequence of escape of 
pathogens. Establishment of seedlings far from conspecific adult trees may indicate overall 
more suitable safe site conditions for recruitment (Schupp, 1995). Furthermore, seedlings are 
known to be less vulnerable with time as they undergo cell wall thickening (Augspurger, 
1984). In addition, no previous information is available in the literature regarding distance 
effects of Q. grandiflora seedlings to conspecific adults. The resulted spatial patterns of study 
species Q. grandiflora were also observed in other studies. For example, Augspurger (1983; 
1984) carefully examined tree species Platypodium elegans shifting patterns as individuals 
reach sapling stage, distances become larger from their parents. Wada and Ribbens (1997) 
evaluated the changes in spatial patterns of Acer palmatum and demonstrated that mean 
dispersal distance from offspring to conspecific adults increased with growth from seedlings 
to saplings. Studies in the savanna formations also showed distance effect to seed tree on 
seedlings and juveniles. For instance, Tarazi et al. (2013), supported as well the Janzen-
Connell hypothesis by reporting that spatial distribution of saplings of tree species Copaifera 
langsdorffii established far away from the adult trees. Takeuchi et al. (2005) demonstrated 
that sapling densities of species Dipterocarpus tempehes and Shorea laxa was strongly 
correlated with distance from conspecific adults in all size classes. 
 
A second theory which may explain the findings of the present study is the “Ecological Field 
Theory” (EFT) proposed by Wu et al. (1985). In this regard, root competition by seed trees for 
resources with increasing size might have also affected the spatial arrangement of individuals 
of study species. The mentioned theory considers the interaction of plants based on the spatial 
effect of roots, cover and stem of individuals. According to Kenkel (1988), the spatial 
arrangement of trees may be influenced or caused by competition, therefore random patterns 
of juveniles around conspecific adults may reflect competition among lateral roots or even it 
may start as belowground competition for soil resources in high density patches and trigger 
also light competition leading to shift from aggregated to random or regular patterns with 
increase of size. Furthermore, juveniles and adults grow branches and roots several meters 
laterally and vertically, simultaneously occupying many microhabitats representing broad 
ranges of availability of light and soil resources, while tree seedlings grow only a few 
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centimeters in each direction and therefore have access to narrower ranges of available 
resources (Wu et al., 1985; Latham, 1992). Moreover, competition among neighboring 
seedlings may also influence their growth and development once establishment takes place. 
Tyler and D’ Antonio (1995) showed that competition with neighboring plants significantly 
reduced growth and survivorship of seedlings. Competition among established offspring 
defines the resulting spatial patterns of the plants in later growth stages. However, not only 
competition plays an important role in growth and spatial arrangement of plants, but also 
environmental factors as stated before, such as soil moisture and nutrient content, herbivory 
and fire regime (Skarpe, 1991). This means that the probabilities of seedlings encountering 
optimal safe sites for development as size class increases is far away from the parent trees as 
proved in the present study for study tree species Q. grandiflora.  
 
Hypothesis 2: Aggregated spatial arrangements for tree species Q. grandiflora are expected 
for seedlings (height ≤ 200 cm) with an overall tendency to random distribution; whereas 
juveniles (200 –500 cm height) show random spatial pattern 
Gibbs modelling results (Model II) for study tree species showed a highly significant 
interaction among individuals for small seedlings (height < 50 cm) and decreasing with 
increase of size classes (50 – 200 cm height) as shown in the interaction function as result of 
Gibbs modelling. Juveniles (200 – 500 cm height) showed high interaction, which means 
clumping (Figure 4.10). However, modelling results should be taken with care considering the 
scale of analysis and small amounts of individuals in certain size classes of study species Q. 
grandiflora (e.g. ss4, n = 39 and ss5, n = 34). According to Wiegand and Moloney (2014), 
recommended a minimum of 70 points should be considered for each pattern for analysis. In 
case the observation window contains too few points, a meaningful analysis will become 
difficult because the variance in the estimator of the summary statistics becomes too large. 
Therefore, considering that larger individuals (e.g. juveniles) require more space to develop 
and grow, the study scale used (1 –hectare plot) might not be sufficient to infer the spatial 
patterns for this size class. Moreover, due to the low amount of seedlings (150 – 200 cm 
height) and juveniles, presence of bias is also possible. Additionally, a small dataset (1-
hectare plot) was analyzed, no replicates were considered and also results might not be 
representative for the ecosystem as the study was conducted only in Paraguay. In ecology is 
well known that observation scales can influence ecological inference (Dungan et al., 2002). 
These results do not confirm the findings presented by Costa and Santos (2011; 2016) who 
stated that seedlings (heights < 150 cm) presented random patterns with increasing tendency 
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of aggregation in the tall size classes. If the size scale is too low the actual spatial patterns are 
not detectable and instead only artifacts of scale may be detected (Wiens, 1989). Reasons 
behind the results of the present study for tree species Q. grandiflora might be a result of the 
following factors: (i) presence of clumped “safe site” patterns (Green, 1983; Geritz et al, 
1984), (ii) density-dependent mortality (Augspurger, 1984; Augspurger and Kitajima, 1992; 
Schurr et al., 2008), and (iii) fire events (Hoffmann, 1996; Mistry, 1998; Hoffmann, 2000; 
Setterfield, 2002). 
 
Considering the first aspect regarding the presence of clumped “safe sites” patterns, spatial 
arrangement of favorable microsites for the development of seedlings might be limited, 
meaning that not all safe sites are equally accessible for colonization (Nathan and Muller-
Landau, 2000). This suggests that some areas within the population, where aggregation of 
seedlings is present, will primarily be safe site limited, and other areas far from existing 
seedlings will be primarily seed limited (Satterthwaite, 2006). In this sense, seeds may not 
reach safe sites, either because few seeds are produced or else dispersal patterns do not allow 
arrival of seeds to safe sites. Salazar et al. (2012) suggested that open savannas are limited in 
seeds of woody species (higher than 80% along the tree density gradient). Moreover, 
aggregated patterns of seedlings of study species Q. grandiflora have been discussed and 
explained in terms of regeneration ecology, as in regeneration in the surroundings of seed 
sources, occurrence of “safe sites” (Costa and Santos, 2016). Additionally, competition for 
natural resources in savannas, such as soil nutrients or water, is a main constraint for 
establishment and growth of plants as well the spatial arrangement of plant species in 
landscape (Hoffmann and Franco, 2003) in certain microsites may lead also to spatial 
aggregation of seedlings (Skarpe, 1991; Couteron and Kokou 1997; Barot et al., 1999). It has 
also been suggested in terms of spatial arrangement of individuals that intraspecific 
competition for soil moisture and nutrients may be the main constraint to small and medium 
sized trees (Skarpe, 1991) and may also lead to aggregation in certain microsites in the 
landscape. 
 
A possible cause for the gradual decrease of inhibition of seedlings (up to 200 cm height) as 
their size/age increases showed in the present study for tree species Q. grandiflora (with 
exception of juveniles) could be interpreted as a result of density-dependent mortality caused 
by intraspecific competition for an evenly distributed resource (Philips and MacMahon, 1981; 
Skarpe, 1991). Moreover, considering the environmental limitations of savanna ecosystems, 
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such as soil moisture (Hoffmann, 2000) the intraspecific competition attains small and 
medium sized trees, whereas big trees are subjected mainly to non-density mortality (Skarpe, 
1991). Several studies support the density-dependence mortality phenomenon (e.g. 
Augspurger, 1984; He et al., 1997; Harms et al., 2000; Lambers and Clark, 2003; Bell et al., 
2006; Jansen et al., 2008). However, on the contrary, Costa and Santos (2011, 2016) stated 
that the premise of depending mortality due to density seemed not to be important for the 
dynamics of study species Q. grandiflora, considering that the transition of spatial 
aggregation to random patterns as tree size increases was confirmed for study species in their 
study. Furthermore, herbivory also plays an important role as spatial agent for the tree study 
species. According to Custodio (2011), suggested that herbivory by insects belonging to the 
orders Chrysomelidae (Coleoptera) and Hymenoptera has an influence on the spatial 
distribution of Q. grandiflora, but this needs to be proven under more controlled conditions.  
 
An important factor which defines the spatial arrangement of individuals in the savanna 
formations is fire. It has been explained by some studies that disturbance by fire promotes 
aggregated distribution of individuals (Menaut et al., 1990; Skarpe, 1991; Kennedy and 
Potgieter, 2003). Disturbance by fire interferes with the processes of spatial spacing resulted 
from the density-dependent mortality for species and size classes sensitive to fire damage, and 
it is believed to promote aggregated distribution (Menaut et al. 1990). This phenomenon may 
explain the aggregation observed for juveniles of Q. grandiflora in the present study. 
Additionally, woody species in savannas have the characteristic of resprouting after fire 
events (Hoffmann, 1998; Mistri, 1998). According to Schleicher et al. (2011), an aggregation 
of individuals of the same species can be caused by vegetative reproduction as consequence 
of fire occurrences (Dale, 1999; Durigan et al., 2002; Kennedy and Potgieter, 2003). 
Furthermore, analysis of growth stages implies usually the evaluation of time spans in the 
course of the development of a plant. However, due to regular fire occurrences in the study 
area, the growth or development of the plant is disturbed. As a consequence, sprouting of the 
study species individuals takes place affecting the normal development of the tree (Menaut et 
al., 1990). Moreover, habitat alterations affect levels of predation, and therefore predicting 
patterns of survival in a disturbed landscape may be difficult.  
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4.2.5  CONCLUSION 
Results of the present study showed that recruitment patterns of Q. grandiflora offspring were 
statistically significant to distance effect of seed trees. Therefore, the proposed hypothesis: 
“height and distance to seed tree is positively correlated for seedlings and saplings (up to 200 
cm height) and juveniles (200 to 500 cm height) of study species Q. grandiflora” is accepted. 
Results are in compliance with the escape hypothesis proposed by Janzen-Connell (Howe and 
Smallwood, 1982) as well as the competition theory proposed by Wu et al. (1985).  
 
Results of the spatial distribution of seedlings and saplings (heights ≤ 200 cm) and juveniles 
(200 – 500 cm height) of study species Q. grandiflora showed: (i) highest densities or 
intensities (m2) of seedlings (heights <50 cm) close to the conspecific adult trees (ii) a shift of 
intensity of seedlings with increase of growth stage or size and (iii) gradual decreasing 
aggregation of seedlings with increase of size and clumping patterns for juveniles. Therefore, 
the observed spatial pattern confirm the following proposed study hypothesis: ”aggregated 
spatial arrangements for tree species Q. grandiflora are expected for seedlings and saplings 
(height ≤ 200 cm) with an overall tendency to random distribution; whereas juveniles (200 to 
500 cm height) show random spatial pattern” is accepted.  Possible factors which may have 
caused the spatial arrangement of seedlings and juveniles in relation to the position of the 
conspecific adults were: (i) presence of clumped “safe site” patterns (Green, 1983; Geritz et 
al, 1984), (ii) density-dependent mortality (Augspurger, 1984; Augspurger and Kitajima, 
1992; Schurr et al., 2008), and (iii) fire events (Hoffmann, 1996; Mistry, 1998; Hoffmann, 
2000; Setterfield, 2002). 
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5. SPATIAL ANALYSIS OF ASPIDOSPERMA TOMENTOSUM (MART.) 
5.1 INTRODUCTION 
Spatial patterns of natural regeneration are the result of seed dispersal, seed germination, 
seedling growth and survival in relation to the distribution of the parent trees and competing 
vegetation (Dale, 1999; Getzin et al, 2006). These regeneration processes are influenced by 
disturbances and environmental factors (Nathan and Muller-Landau, 2000). The present study 
deals with the analysis of spatial distribution of seedlings (heights up to 100 cm) and saplings 
(100 to 200 cm height) of cerrado woody species Aspidosperma tomentosum (Mart.). In this 
regard 2 aspects are analyzed: (i) seedlings and saplings arrangement in the field and (ii) 
influence of shade and distance to seed tree on establishment of seedlings and saplings of 
study species. The effects of environmental factors such as fire, soil nutrient content, soil 
aluminum concentration, and water table depth define the spatial distribution of plants in 
savanna ecosystem (Mistry, 1998; Salazar et al. 2012). Additionally, physical and chemical 
heterogeneity of soils may also determine the spatial distribution of soil “safe sites” for 
establishment of recruitment (San José et al., 1991). Thus, knowledge about the drivers of 
spatial patterns of natural regeneration in Neotropical savannas (cerrados) is important for the 
management of natural regeneration, i.e. increase of fire frequencies associated with 
aggregated patterns of plants in savanna formations (Kennedy and Potgieter, 2003). 
 
Available information on spatial distribution of natural regeneration of study species A. 
tomentosum showed that individuals (diameter at knee height ≥ 5 cm at 50 cm from soil and 
individuals with heights > 50 cm and diameter at knee height < 5 cm) of study species 
presented aggregated distributions (Durigan et al. 2002). Moreover, spatial distribution of 
most species in the cerrado formation shows aggregation (Skarpe, 1991).  The explanation of 
a clumped spatial pattern could be a consequence of the existence of spots or sites presenting 
more favorable environmental conditions for development of the trees (Green, 1983; Geritz et 
al., 1984; Schupp, 1995). Environmental factors which cause the spatial patterns observed in 
plant communities reflect the recovery from disturbances, as for instance fire (Skarpe, 1991). 
Fire may have also a local effect in maintaining the spacing of savanna trees (Dale, 1999). 
According to Durigan (2002), the high clumping rate of some species may also be associated 
with the regeneration form, considering that many savanna species can regenerate by 
sprouting from subterranean structures after fire occurrences. The study tree species A. 
tomentosum presents a specialized root system defined as “root-borne sucker shoot” or 
“adventitious root”, a feature common in savanna formations according to Fidelis et al. (2009: 
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in Pillar et al.). According to Esau (1953), the adventitious root is widely used to designate a 
root that arises either on already lateralized root axis or at a site on a plant that it is not itself a 
root (e.g. on a shoot or leaf). Plants which possess subterranean diffuse systems are defined as 
soboliferous plants (cited by Barlow, 1994) and have the property of having a distribution of 
several subterranean interconnected aerial shoots which gives the impression of an aggregated 
distribution of individuals.  
 
Furthermore, analysis of the present study also evaluates the spatial patterns of natural 
regeneration in relation to shade (used as proxy for light availability) and distance to 
conspecific adult trees. Despite of the fact that cover was estimated in the field, shade was 
derived from cover information and used for the analysis of spatial distribution of seedlings of 
study species. Canopy cover is defined as the area of the ground covered by a vertical 
projection of the canopy (Jennings et al., 1999). Shade, on the other hand, is influenced by 
cover and changes throughout the day as the position of the sun changes spatially and 
temporally with respect to the canopy cover (Kelley and Krueger, 2005). Once the seedlings 
are established in savanna formations, ensuing forest dynamics may be affected by 
competition of light (Hoffmann and Franco, 2003; Hoffmann and Haridasan, 2008) or by 
belowground competition (Belsky, 1994). The latter being a typical feature in the savanna 
formations. In this sense, competition (below- and aboveground) and herbivory are key 
factors affecting the distance of natural regeneration of species to parent trees (Wu et al., 
1985; Janzen; 1970; Connell, 1971). Cover or shade affects spatial distribution of seedlings, 
because it affects growth and survival. Furthermore, cover is a major environmental factor 
which defines the spatial arrangement of woody species based on their attributes (Wu et al., 
1985). According to Holmgren et al. (1997), in savanna ecosystems, under dry conditions 
plants allocate relatively more biomass to roots than to the aboveground structures. As a 
consequence, the ratio of respiring biomass to photosynthetic material increases and the 
amount of light necessary to keep a positive carbon balance should be higher.  On the other 
hand, under high cover, plants invest more biomass in aboveground parts and therefore 
increase transpiration and consequently increase the susceptibility under dry conditions. 
Plants, therefore, require higher levels of water to grow and survive (Hoffmann and Franco, 
2003). Additionally, seedlings of many species suffer high-density dependent mortality from 
disease in the shaded understorey (Augspurger, 1984), which may influence the spatial 
distribution of established seedlings after seed dispersal (Augspurger and Kitajima, 1992). 
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However, in dry habitats shade conditions might as well act as a protection against desiccation 
or high temperatures for small seedlings (Franco and Nobel, 1988; Schupp, 1995).  
 
The purpose of the present study is to evaluate the spatial distribution patterns of recruitment 
of cerrado tree species A. tomentosum. The study hypotheses of the present study are the 
following: (i) seedlings (height ≤ 100 cm) and saplings (100 – 200 cm height) of study tree 
species A. tomentosum show aggregation spatial patterns as a result of previous ecological 
process of seed dispersal and presence of vegetative reproduction. The spatial distribution of 
A. tomentosum seedlings and saplings as a result of distant-dependent seed dispersal from 
mature trees can be assumed as less detectable and (ii) shade and distance to conspecific 
adults effect influences significantly the establishment of seedlings and saplings of study 
species A. tomentosum. 
 
5. 2. METHODOLOGY 
5.2.1 DATA COLLECTION – FIELD SAMPLING 
Data collection to study the spatial distribution and the effect of cover of seedlings and 
saplings of species A. tomentosum was attained in 2 different sites within the cerrado Aguara 
Ñu formation, where a total of 2 plots of 1 hectare (100 x 100 m) were established. Each 1 
hectare- plot was divided in sub-plots of 10 x 10 m size for later analysis (Figure 5.1). 
Position of the plots was defined considering the presence of seed tree of study species, 
natural regeneration and open and closed formation within the 1-hectare plot.  Therefore, 
previous reconnaissance analysis was attained in order to select the study sites for the spatial 
point pattern analysis. Demarcation of the plot and sub-plots was attained with painted poles. 
Moreover, the selection of sites for the present study followed the criteria specified in chapter 
2.4  general methodology. The selected sites for the study were study sites 2 and 3 shown in 
Figure 5.1. The different vegetation types present in the study sites were mainly “campo 
cerrado”, campo sujo” and “cerradão” according to the classification presented by Coutinho 
(2002). Descriptions of the different vegetation formation are detailed in chapter 2.1 of 
general methodology. 
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Figure 5.1: Plot design for the spatial pattern analysis for tree species A. tomentosum in sites 2 
and 3. Red dots in scheme (upper figure) indicate the 5 systematic canopy cover readings for 
A. tomentosum subplots. 
 
Measurements in the subplots of 10 x 10 m were carried out in a systematic way. The 
variables measured in the sub-plots were: (i) canopy cover readings in five systematic points 
which was achieved with a crown-mirror densiometer and a crown density scale adapted from 
Paine (1981) (Annex 7.1), (ii) position of Cartesian coordinates of seedlings and saplings 
(height ≤ 200 cm) and the single adult tree (1 single seed tree per plot) and, (iv) diameter at 
breast height (DBH in cm) of the single seed tree with a diameter tape (only one single seed 
tree was observed within the 1 ha plot for the 2 study sites) (Figure 5.2 and 5.3). Additionally, 
the azimuth of the margins of the 1 hectare-plot was recorded with a compass. In case 
seedlings presented more than one sprout, average height of the sprouts was measured and 
single individuals were mapped. Thus, underground connections make identification of 
individual plants difficult. Therefore, careful observation was attained to identify different 
individuals on the site. According to Eiten (1972), tree seedlings have the capacity of 
sprouting from underground organs after burned or even drought conditions.  
100 m 
100 m 
10 m 
10 m 
PLOT 
SUBPLOT 
Site 2 
Site 3 
CANOPY COVER (5 POINTS) 
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Figure 5.2: Measurement of canopy cover with crown-mirror densiometer (left) and 
measurement of height (in cm) of seedlings of A. tomentosum with folding meter stick 
 
 
 
       
 
 
 
 
Figure 5.3: Tree position measurements in field for spatial pattern analysis of tree species A. 
tomentosum. Adult tree of study species (left) and seedling (right). 
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5.2.2 DATA ANALYSIS 
5.2.2.1 SPATIAL POINT PATTERN – EXPLORATORY ANALYSIS 
Spatial point pattern analysis of study species A. tomentosum was attained to evaluate the 
spatial distribution of seedlings and saplings (height ≤ 200 cm) and the effect of shade on 
establishment of seedlings. Data analysis was attained with software R (package spatstat).  
 
The evaluation of the spatial arrangement of seedlings was achieved by using the information 
on the local position of the seedlings and saplings within the study plots. This information 
was useful to make the first inference on the arrangement of recruitment within the plot for 
the two study sites. The confirmation of the observed spatial distribution of seedlings and 
saplings within the 2 study sites was attained by the application of the pair correlation 
function g (r), as explorative statistical analysis. This analysis is a suitable tool to indicate a 
range of correlation, the distance up to which individuals interact with one another (Szmyt, 
2014). The interpretation of g (r) function is that for values less than 1 it indicates that 
distances are not as frequent as for a complete random process, and therefore suggests 
regularity; values larger than 1 show more frequent distances as for a random process, 
suggesting clustering and values equal 1 is consistent with a completely random patterns 
(Baddeley et al., 2016).  
 
Additionally, the nonparametric estimation of the intensity ρ as a function of shading was 
analyzed to evaluate the relation of seedling establishment and the light availability. In this 
sense, even though canopy cover readings were measured in both study sites, shade 
information was derived from the canopy cover and used to analyze the effect of shade on 
establishment of seedlings. The intensity function analysis was achieved by application of the 
estimated intensity ρ function (rhohat function) of R package spatstat. This function examines 
the dependence of intensity or density, in this case, of seedlings on a covariate, in this case 
shade. Canopy cover is one of the variables which define the different vegetation forms of the 
cerrado. Distance effect of natural regeneration to the seed trees was evaluated through the so 
called resource selection function which relates the intensity of the process with the distance 
to the adult trees (Baddeley et al., 2016).  
 
5.2.2.2 POINT PROCESS MODELLING –  REPLICATED POINT PATTERNS 
Point process dataset for analysis of the spatial arrangement of study tree species A. 
tomentosum was assessed through the application of the replicated point pattern approach, 
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considering there were 2 sites evaluated. The modelling approach used to fit the observed 
point patterns was Gibbs model process, which postulates explicitly that interactions occur 
between points of the process (Baddeley et al., 2016). The objective was to analyze the effect 
of shade and distance of seedlings to seed trees by applying Gibbs model. Modelling results 
also provides information about the spatial arrangement of points (trees) through the 
interaction (AreaInter in spatstat). Additionally, interaction function was estimated (h(r)) 
described in chapter 2.6.4.2, page 39. Given a point process model that has been fitted to point 
pattern data, this function extracts the interpoint interaction part of the model (Baddeley et al., 
2016). Additionally, for modelling purposes, the area of interaction was estimated for both 
study sites separately by applying the profile maximum likelihood (Pranchai, 2015) described 
in general methods chapter 2.6.4.2, page 39.  
 
Moreover, considering the presence of 2 point patterns datasets, the multiple point pattern 
approach (replicated point patterns). Replicated point patterns are datasets consisting of 
several point patterns which can be regarded as independent repetitions of the same 
experiment. According to Illian et al. (2008), the aim is to determine general summary 
characteristics by aggregating the statistical results for the single samples. In other words, 
several patterns are considered at the same time with the purpose of analyzing them all 
together to obtain information on some spatial behavior that is reflected in them. The 
approach consists on estimating the characteristics separately for each of the observation 
windows and then aggregates the estimates. Additionally, replication is very important in 
statistics it enables to observe variability in the data (Webster, 1992; Johnson, 1999; Zar, 
1999).  
 
The analysis of replicated point patterns was achieved by the creation of an object of class 
“hyperframe” in spatstat which is used to store the results of an experiment in which several 
point patterns are observed. The hyperframe is a generalization of a data frame which deals 
with several object classes such as point patterns, pixel images, windows, fitted models, 
among others. According to Baddeley et al. (2016), the variables of the hyperframe include 
both response and explanatory variables (covariates). The information stored in the 
hyperframe for the present study was the location of the seedlings and saplings of A. 
tomentosum (point pattern data) and as covariates the shade and the distance information, both 
stored as images. Once the hyperframe was created for replicated point pattern dataset, the 
next step was to fit a model to the observed point pattern in order to test the effect of distance 
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of seedlings and saplings to seed tree and shade. The approach to evaluate a multiple point 
patterns simultaneously is the “model fitted to multiple point patterns” (mppm) in spatstat 
considering interaction (AreaInter in spatstat).   
 
Furthermore, the covariate distance to seed trees for both study sites was attained by 
generating an image containing the distance information of all points within the window and 
creating a data frame of coordinates x and y in relation to the position of the single seed tree. 
Moreover, the spatial smoothing function (Smooth) from spatstat was applied which applies a 
Gaussian blur to the pixel image x (Baddeley et al., 2016). The second covariate shade was 
estimated based on the measured canopy cover which was also achieved by generating a pixel 
image and applying the spatial smoothing function but with increased sigma value which 
defines the smoothing bandwidth. 
 
Finally, model validation techniques were applied to evaluate the fit of the model to the 
multiple point patterns (mppm). Description of each model validation technique is described 
in chapter 2.6.4.2 of general methodology. The procedure is slightly different in spatstat as 
for point process models (ppm). Considering that the fitted model consisted on a multiple 
point pattern process, it is necessary to extract the fitted point process models for the 
individual patterns. The tools to validate the replicated point pattern model were the following 
(Baddeley et al., 2016): 
 
-  Point process residuals: QQ plots are evaluated to check the residuals of the fitted model. 
Therefore, as for ppm models these residuals can also be evaluated for replicated point 
patterns.  
- Gres residual function:  Given a point process model fitted to a point pattern dataset, this 
function computes the residual G function, which serves as a diagnostic for goodness-of-fit of 
the model.  It computes a residual version of the G function of the dataset, which should be 
approximately zero if the model is a good fit to the data. 
- CDF test: CDF test was used to measure the goodness of fit of the multiple point pattern 
model by comparing the observed and predicted distributions of the values of the spatial 
covariate by using the Monte Carlo method with 999 simulations.   
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5.3 RESULTS 
 
5.3.1 SPATIAL DISTRIBUTION OF NATURAL REGENERATION OF STUDY 
SPECIES 
According to the results a total amount of 124 and 97 seedlings and saplings (height ≤ 200 
cm) per hectare of A. tomentosum were registered for study sites 2 and 3, respectively. 
Seedlings and saplings were distributed differently among the vegetation formations found in 
the cerrado. Most of the recruitment in site 2 (98.3%) were registered in open landscape 
(campo cerrado), whereas only 1.7% was found in the closed forest formation cerradão. On 
the other hand, 69.1% of the seedlings and saplings were registered in campo cerrado, 12.4% 
in cerradão and 18.5% in cerrado sensu stricto (Figure 5.4). The descriptions of the different 
cerrado vegetation types are presented in general methods in chapter 2.1. 
 
 
Figure 5.4: Frequency of recruitment of A. tomentosum distributed within the different 
vegetation formations in cerrado: campo cerrado, cerradão and cerrado sensu stricto (cerrado 
s.s.) 
 
Furthermore, frequency distribution of heights of seedlings and saplings of A. tomentosum in 
study sites 2 and 3 found in different vegetation formations are shown in Figure 5.5. Based on 
the results, most heights in site 2 vary from 26 to 50 cm in campo cerrado with a median of 35 
campo cerrado cerradão cerrado s.s
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cm. Moreover, seedlings reached heights of 190 cm in site 2. Whereas, for site 3 most 
heights’ range from 25 to 40 cm with a median of 35 cm in campo cerrado.  
 
 
Figure 5.5: Frequency distribution of heights of recruitment of A. tomentosum in the different 
vegetation types for sites 2 and 3 
 
Frequency distribution of heights of seedlings and saplings (heights ≤ 200 cm) in relation to 
the distance to seed tree is presented in Figure 5.6. Results show that in site 2 high amount of 
individuals (heights ranging from 25 to 180 cm) are located in distances from 45 m onwards 
up to 60 m from seed tree, whereas in site 3 large amount of seedlings with heights up to 100 
cm were found at 45 m from seed tree. Overall individuals were found in distances between 
45 to 55 m from seed tree in site 2, whereas frequencies of seedlings heights present no clear 
tendency as the distance increases to seed tree in site 3. The median of recruitment heights in 
site 2 reaches around 25 cm at distances from 30 m onwards and remains constant and for site 
3 the median also reaches around 25 cm for distances 10 to 40 m from seed tree. Moreover, at 
shorter distances from seed tree median of heights are heterogeneous as well as for larger 
distances (40 m onwards) in site 3. Additionally, seedlings and saplings in site 3 were 
recorded up to 80 m from seed tree.  
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Figure 5.6: Frequency distribution of heights of seedlings and saplings of tree species A. 
tomentosum in relation to the single seed tree position in sites 2 and 3 
 
Spatial distribution of seedlings and saplings (height ≤ 200 cm) of study species A. 
tomentosum in the two study sites 2 and 3 is presented in Figure 5.7. Results show that 
individuals were mainly all distributed in the left corner with no individuals on the upper side 
of the region for study site 2 and in study site 3 were mainly distributed on the left side of the 
region and only a very low amount distributed in the right corner. At first glance, individuals 
seemed to be arranged in clusters in both sites. Nevertheless, this confirmation needs to be 
statistically proved. Moreover, the position of the seed tree differs comparing both sites, in the 
middle for site 2 and on the bottom for site 3. Additionally, density kernel estimate of 
seedlings is also shown in Figure 5.6 which highlights location of the highest densities within 
Site  2 
Site  3 
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the observation windows in sites 2 and 3. In this regard, high densities for site 2 were 
registered in the lower part of the window and for site 3 higher densities were observed in the 
left and lower side of the window.  
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Spatial distribution of seedlings and saplings (1 = circles) and single adult tree (2 
= triangle) (above) and kernel density estimate of seedlings of tree species A. tomentosum 
(center) for sites 2 and 3 
 
Furthermore, results of the pair correlation function (pcf) which denotes the spatial 
arrangement of individuals in the 2 studies sites are shown in Figure 5.8. According to the 
results of study tree species A. tomentosum in sites 2 and 3, seedlings are presented clearly in 
clusters or aggregates in both study sites up to 5 m and as distance increases there is a 
tendency of randomness.  
Site 2 Site 3   
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Figure 5.8: Pair correlation function of seedlings and saplings of tree species A. tomentosum 
in sites 2 (above) and 3 (below) 
 
Spatial distribution of cover and shade for sites 2 and 3 is presented in Figure 5.9. Results of 
spatial cover and shade distribution showed that for site 2 high cover was present in the upper 
right corner of the window. Moreover, there was a clear differentiation of open land (0 to 20 
% cover) from closed forest (60 to 80% cover) in terms of canopy cover results. Whereas, site 
3 shows a patchier spatial distribution of cover, nonetheless highest values were observed in 
the right side and lower values in the left side. The patch effect shown in the spatial 
distribution of cover for site 3 is less notorious when generating the shade image as it 
becomes smoother.  
Distance [m] 
Site 2
Site 3   
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Figure 5.9: Spatial distribution of canopy cover (above) spatial shade distribution (below) for 
sites 2 and 3 
 
Moreover, estimated function ρ was performed for the covariate shade with a 95% confidence 
bands are shown in Figure 5.10. Results showed that recruitment of study species are more 
likely to be found in more open formations under shadings ranging from 0 to 20% as in closed 
cerrado formations (cerradão) for site 2. Similar results were registered for site 3, where 
seedlings are also likely to be found in open landscapes such as campo cerrado (canopy 
covers from 0 – 30%), in campo sensu stricto (canopy covers from 30 to 40%) as in closed 
cerrado formations. Furthermore, the resulting estimated function ρ needs to be confirmed by 
modelling in order to test whether the observed pattern data of seedlings and saplings in 
relation to shade effect fit well the data.   
 
Site 2 Site 3   
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Figure 5.10: Non-parametric estimate of the intensity of seedlings and saplings of A. 
tomentosum as a function of the shade effect for sites 2 and 3. 
 
Computation of the kernel-smoothed distance of seedlings and saplings to the single seed tree 
A. tomentosum for study sites 2 and 3 is presented in Figure 5.10. Results showed that 
seedlings densities were observed up to 68.6 m and 105.7 m from the seed tree for sites 2 and 
3, respectively. Furthermore, Figure 5.11 captures the position of the seed tree within the 1-
hectare plot, which depicts seed tree in the center of the window for site 2 and at the bottom 
of the window for site 3. 
 
 
 
 
 
 
 
 
Figure 5.11: Kernel-smoothed distance of points (trees) to single seed tree of tree species A. 
tomentosum  
Site  3   Site  2 
NE 
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Spatial distribution of seedlings and saplings of study species A. tomentosum in relation to the 
distance to the single seed tree was evaluated by applying the estimated function ρ (Figure 
5.12). Results on the estimations of intensities of individuals in relation to the single seed tree 
led to the following: (i) an overall increase of intensity or density of individuals per m2 by 
increasing distance and, (ii) highest individual densities found between distances 30 to 40 m 
in the study site 2 and 20 to 40 m in site 3 from single seed tree. Overall, both study sites are 
comparable in terms of distance effect of recruitment to the single seed tree.  
 
 
 
 
 
 
 
 
 
 
Figure 5.12: Distance effect of seedlings and saplings of tree species A. tomentosum to adult 
tree (rhohat function) for sites 2 (above) and site 3 (below) 
 
5.3.2 MODELLING SHADE AND DISTANCE TO SEED TREE EFFECT ON 
NATURAL REGENERATION OF STUDY SPECIES 
Modelling results of shade effect on seedlings of A. tomentosum considering the 2 study sites 
(replicated point patterns) are shown in Table 5.1. According to the statistical modelling 
results, shade has shown be statistically significant (p-value = 0.0266) and distance effect to 
Site  2 
Site  3
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seed tree not significant (p-value = 0.4936). Results showed that probability of estimated 
seedlings and saplings of study species A. tomentosum decreases (estimate = -0.022) as shade 
values increases. Estimates of the interaction function are both highly significant (estimates = 
5.012 and 5.077 for sites 2 and 3, respectively). High interaction values mean clumping of 
individuals for both sites.  
 
Table 5.1: Modelling results of shade effect on recruitment establishment of tree species A. 
tomentosum for study sites 2 and 3 
 
Covariate Estimate Std. Error t-value p-value 
(Intercept) -5.645 0.429 -13.154 <2e-16 *** 
Shade -0.022 0.009 -2.219 0.0266 * 
Distance -0.004 0.006 -0.685 0.4936 
Interaction (site 
=2) 
5.012 0.367 13.629 <2e-16 *** 
Interaction 
(site = 3) 
5.077 0.357 14.202 <2e-16 *** 
 
Furthermore, the interaction function resulted in modelling is presented in Figure 5.13. 
According to the results points (seedlings and saplings) with different radius of interaction 
(site 2 = 1.84 cm and site 3 = 2.24 cm) present a clear clumping and differences might be due 
to the covariate (e.g. shade).  
 
 
Figure 5.13: Interaction function of Gibbs modelling for point patterns of study species A. 
tomentosum for both study sites 2 (left) and 3 (right) 
 
Furthermore, results of the fitted point process model validation analysis of the shade effect 
on seedlings and saplings of A. tomentosum are presented below: 
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1. Residual function (Gres in spatstat): Residual function Gres of the model showed that in 
both study sites residuals remained relatively closed to 0 and also inside the confidence 
intervals. Based on the residual function the resulting model presents a good fit of the 
empirical data (Figure 5.14).  
Figure 5.14: Residual function (Gres) of the model for tree species A. tomentosum for study 
sites 2 (left) and 3 (right) 
 
2. Q-Q residual plot: Based on results of Q-Q plot considering the fitted model to 
analyze the effect of shading on recruitment of A. tomentosum showed that the 
predicted distributions for the model remain within the confidence intervals in site 2 
and slight departure of residuals for site 3 was registered (Figure 5.15).  
 
 Figure 5.15: Q-Q residual plot of the fitted point process model of effect of shading on 
seedlings and saplings of A tomentosum for sites 2 (left) and 3 (right) 
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3. CDF test: According to the results of the CDF test which measures the discrepancy 
between cumulative distribution functions using Monte Carlo test with 999 
simulations for multiple point patterns indicates that the fitted point process model 
presents a good fit (p = 0.93). The null hypothesis states that the predicted values of 
the model fit the observed values. Therefore, the null hypothesis is accepted (Figure 
5.16) 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16: CDF test of fitted model of effect of shading on seedlings and saplings of A. 
tomentosum considering Monte Carlo method for multiple point patterns for study sites 2 and 
3 
 
5.4 DISCUSSION 
5.4.1 APPLIED METHODOLOGY FOR DATA COLLECTION AND ANALYSIS 
The approach to analyze the spatial patterns of A. tomentosum was based on the replicated 
point patterns. According to Baddeley et al. (2016), an observation can be repeated several 
times under identical conditions resulting in replicated observations, or replicates of the same 
observation. Replication is vitally important in statistics because it enables the observation of 
variability, and separate different sources of variability. By treating data as replicated 
observations, it is assumed that they are independent and identically distributed, but 
alternatively it may be only a tentative working assumption for the analysis. The present study 
presents the spatial analysis of recruitment of A. tomentosum for only 2 study sites within the 
research area. Therefore, in order to confirm the results of the present study, more plots or 
study sites needs to be analyzed.   
2 3 
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The amount of plots to be analyzed in the point process with the purpose of achieving 
substantial, robust and precise conclusions on a certain ecological aspect is also a relevant 
aspect to be considered. In this regard, according to Wiegand and Moloney (2014), replicate 
plots under identical conditions are recommended to represent typical conditions occurring 
within a study site. Moreover, by combining the results of several replicate plots into one 
average test statistic, the sample size is increased and the range of values covered by 
simulation envelopes is narrowed. Differences in second-order effects between study sites 
indicate feedbacks between heterogeneity and demographic processes (Getzin et al., 2008).   
 
Moreover, measurements of heights of seedlings and saplings of tree species A. tomentosum 
were attained in the research field. The difficulty appeared when identifying the different 
seedlings and clarifies whether the observed seedling was indeed another individual or a 
developed adventitious root from another. As stated before the study species has the capacity 
of developing the adventitious root and form an aggregated pattern according to Fidelis et al. 
(2009, in Pillar et al.). Therefore, this property characteristic of tree species A. tomentosum 
may have influenced the results of the present study. Moreover, Ferri (1961) stated that in 
well-established cerrados it is very difficult to be certain about the origin of the plantlets 
(seeds or adventitious root/stem suckers).  
 
5.4.2 SPATIAL DISTRIBUTION OF NATURAL REGENERATION OF STUDY 
SPECIES 
The purpose of the present study was the analysis of the spatial patterns of seedlings (height ≤ 
200 cm) of tree species A. tomentosum. Research questions deal specifically with the 
following aspects: (i) spatial arrangements of seedlings and saplings of study species and 
distance to seed tree, and (ii) shading effect on establishment of seedlings and saplings of 
study species. Therefore, hypotheses of the study are: 
 
1. Seedlings and saplings of study tree species A. tomentosum show aggregation spatial 
patterns as a result of previous ecological process of seed dispersal and presence of 
vegetative reproduction. The spatial distribution of A. tomentosum seedlings as a result of 
distant-dependent seed dispersal from seed trees can be assumed as less detectable. 
Several mechanisms are associated with plant distribution patterns in plant communities, such 
as resource distribution, herbivory (Dale, 1999), disturbances (Mistry, 1998), and dispersal 
(Condit et al., 2000; Nathan and Muller-Landau, 2000; Seidler and Plotkin, 2006). 
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Additionally, in savanna ecosystems competition for soil moisture is the main determinant of 
the woody component (Rodriguez- Iturbe et al., 1999). Regarding the spatial arrangement of 
species in different environments many studies reported aggregation or clumped patterns for 
seedlings or saplings of species (Skarpe, 1991; Augspurger, 1984; Pinazo, et al. 2009).  
 
Gibbs modelling for multiple point patterns results showed that seedlings and saplings of A. 
tomentosum are clumped as the interaction in both study sites is highly significant (Table 5.1). 
The interaction function is also depicted in Figure 5.13 showing clumping patterns. Moreover, 
pair correlation function results confirmed as well the clumping patterns of seedlings up to 5 
m distance (Figure 5.8).  Therefore, these results confirm the proposed hypothesis which 
states that seedlings present aggregated patterns. Possible causes for the resulting spatial 
patterns for tree species A. tomentosum are: (i) fire influences (Mistry, 1998; Skarpe, 1991; 
Bond and Keeley, 2005), (ii) vegetative reproduction (Phillips and MacMahon, 1981; Fidelis 
et al., 2009; Silva and Batalha, 2009;), (iii) safe sites occurrences of seedlings (Fowler, 1988; 
Satterthwaite, 2007).  Findings of the present study in terms of spatial aggregation of A. 
tomentosum is also corroborated by the study presented by Durigan et al. (2002) who showed 
that individuals (diameter at knee height ≥ 5 cm at 50 cm from soil and individuals with 
heights > 50 cm and diameter at knee height < 5 cm) of study species presented aggregated 
distributions. 
 
Durigan et al. (2002), suggested that high clumping of individuals may probably be associated 
with their regeneration form considering that the study species is able to regenerate by 
sprouting from subterranean structures after fire occurrences according to Fidelis et al. (2009, 
in: Pillar et al.). A typical feature of cerrado biomes is fire, which are mainly characterized as 
surface fires and consume fine fuel of the herbaceous layer according to Miranda et al. (2002, 
in: Oliveira and Marquis) and plants possess a high ratio of belowground biomass in 
comparison with aerial biomass (Haridasan, 2000). Thus, large proportion of their biomass are 
stored in underground roots, such as rhizomes, rhizosphores, tubers, bulbs, tuberous roots, and 
xylopodia (Appezzato-da-Glória et al., 2008).  According to Coutinho (1977), species of 
cerrado have the capacity of sprout from underground organs after fire. Moreover, Fidelis 
(2008) mentioned that in frequently burned areas the diversity of subterranean organs is quite 
high and as a consequence is very common to find species presenting xylopodia or 
lignotubers and tuberous roots.  Xylopodia is referred as special underground thick and 
lignified organs and present many dormant buds in their upper part, at ground level or some 
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centimeters below (Coutinho, 1982). A great majority of cerrado species present xypolodia 
and also regenerate by sprouting from subterranean organs, and thus generating various 
individuals genetically identical from a same plant (Hoffmann, 1998; Durigan et al., 2002; 
Soares et al., 2006; Greene et al., 2004; Costa and Santos, 2016).  
 
Subterranean organs in the cerrado formation are extremely important for regeneration 
processes considering the presence of seasonality in the ecosystem and frequent fire 
interventions. Underground structures provide the reserve nutrients necessary for a plant to 
resprout after fire or even drought events (Bond and Midgley, 2001; Hoffmann et al., 2003; 
Hoffmann and Haridasan, 2008). Harper (1977) demonstrated the significance of a bud bank, 
defining it as hidden populations of dormant meristems located on rhizomes, corms, bulbs, 
bulbils and tubers. Moreover, belowground organs contain carbohydrate storage needed for 
growth (Hoffmann et al., 2003). The study species A. tomentosum presents root-borne sucker 
shoot a specialized underground organ allowing the survival after fire events according to 
Fidelis et al. (2009, in: Pillar et al.). Considering this present feature (subterranean organs) for 
the study species, as a consequence results indicated an aggregated pattern for seedlings of 
study species. Resulting spatial arrangements of seedlings of tree species A. tomentosum also 
may be a result of the interaction with grass roots in the cerrado. According to Skarpe (1992), 
grasses may outcompete woody species and restrict their growth, on the other hand woody 
plants cannot outcompete grasses for water. As a consequence, if grasses are diminished or 
absent due to heavy grazing, more water becomes available for trees and shrubs leading to 
changes in the interactive spatial patterns and increase of woody vegetation (Skarpe, 1991). In 
this sense, small patches in the open cerrado formation may have influenced the spatial 
clumping of study species in the study area.  
 
Spatial distribution of safe sites might also influence the spatial distribution of seedlings 
(Skarpe, 1991), especially in cerrado formations where the environmental limitations (e.g. soil 
moisture, nutrients) are present (Hoffmann, 1996). According to Skarpe (1991), aggregated 
patterns observed in savanna ecosystems are a result of occurrence of safe sites. Presence of 
safe sites in savannas is often a stochastic process influenced by disturbance (e.g. fire 
occurrences) (Harper et al., 1965), plant interactions (Callaway and Walker, 1997), as well as 
physical features such as topography and/or climate (Gómez-Aparicio et al., 2005).  In case 
availability of safe sites is low in the ecosystem, spatial arrangement of seedlings may remain 
aggregated and only limited to certain microsites.  
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2. Shade and distance to conspecific adult trees effect influences significantly the 
establishment of seedlings of study species A. tomentosum 
Environmental factors such as cover and the effect of fire (Kennedy and Potgieter, 2003) 
influences the safe sites of seedlings and saplings of species (Janzen, 1970; Schupp, 1988; 
Jeltsch, 1996). Markesteijn and Poorter (2009) presented the results of response of seedlings 
(5 – 29 cm height) in relation to light availability and stated that the study species A. 
tomentosum is to be mainly found under shade conditions (crown exposure = 1.31; varying 
light increasingly from 1 = shade and 5 = full light exposure). However, modelling results of 
the present study indicated that shade influences negatively on the establishment of seedlings 
of A. tomentosum (p-value = 0.0266, estimate = -0.022). More precisely, increasing 
probabilities to find seedlings and saplings of the study species arise as the shade decreases. 
Moreover, results of the non-parametric estimate of the intensity of recruitment of A. 
tomentosum as a function of the shade effect depicted in Figure 5.10 also showed the 
tendency of seedlings to be found under low shade conditions. However, the distance effect to 
seed tree was not significant for seedlings as shown in model results (p-value = 0.4936).  
Therefore, the present results do not confirm the proposed study hypothesis. Additionally, 
model validation results indicated a good fit of observed patterns in the study area.  
 
Seedlings are more likely to be found in a relatively open landscape formation (campo 
cerrado or campo sujo) than in closed woodland formation (cerradão) within the cerrado 
biome in the present study based on the modelling results. Additionally, the highest amount of 
seedlings of study species were recorded in relatively open landscape formations (98.3% and 
69.1% in sites 2 and 3, respectively). According to Hoffmann et al. (2004), savanna species 
establish poorly in the dense shade forest, while forest species establish poorly in exposed 
sites. Therefore, low success of savanna tree in forest is probably due to low shade tolerance. 
Additionally, Hoffman and Franco (2003) demonstrated also that savanna species exhibited 
greater phenotypic plasticity in specific leaf area, leaf area ratio and net assimilation rate in 
response to light intensity. Belsky (1994) mentioned that productivity and establishment of 
plants in tropical savannas may be influenced in a negative way under shade due to 
belowground competition from trees which may reduce the amount of soil nutrients and water 
available to the established seedlings. On the other hand, several studies indicate that the 
cover or shade has positive effects on establishment of recruitment of tree species (Kellman, 
1979; Hoffmann, 1996; Vieira & Scariot, 2006).  
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Savanna species are light-demanding species with large investment in coarse roots, which 
improves their ability to capture soil water during the dry season and permitting resprouting 
following burning or drought (Simon and Pennington, 2012). According to Eiten (1972), 
seedlings also present the mechanism of sprouting from underground organs. Rizzini (1965) 
argued that savanna species exposed at full light typically have a deep taproot that develops 
very quickly in seedlings. This taproot plays an important role in harsh dry conditions for the 
development of seedlings. Moreover, according to Hoffmann (2000), the early rapid 
development of the taproot helps to reduce the impact of fire and drought, which are two 
important constraints for seedling establishment in cerrado formations.   A study presented by 
Hoffmann (1996) indicated that seedling establishment generally was greater under the 
crowns of trees than in open grassland, however single species showed reduced establishment 
with increase of cover. He argued that the soil under savanna trees has been shown to have 
better nutrient status (Kellman, 1979) and higher moisture content during dry periods than 
nearby open grasslands (Belsky et al., 1989). Moreover, tree cover reduces soil surface 
temperatures (Belsky, 1994). Thus, according to Hoffman (1996), the relative magnitudes of 
negative and positive effects of cover appear to depend upon rainfall. In dry years, the role of 
cover plays a particularly important role in ameliorating the environment, countering the 
negative effects of the thick litter associated with woody cover. Seedling survival in the first 8 
months is greater under tree crowns (40 – 60% shade) than under intermediate shade (10 – 40 
%) and in open areas (Salazar et al., 2012). Although, canopy cover plays an important role in 
ameliorating water, nutrient, and temperature stress, cover also has negative effects caused by 
shading. Holmgren et al. (1997) proposed that shading conditions may alternatively facilitate 
or inhibit success of woody seedlings depending on soil water conditions. In this sense, shade 
or cover would increase woody seedlings success by reducing water stress. Belsky et al. 
(1989) reported that under some circumstances herbaceous-layer productivity in savannas is 
lower under tree canopies than in nearby open grasslands. Thus, this statement attains to the 
herbaceous-layer; it may also have the same effect on seedlings regarding cover effect. 
 
Furthermore, fire also plays an important role for establishment of seedlings in savanna 
ecosystems (Mistry, 1998). According to Medina (1987, in: Walker), fire being more frequent 
in open savannas creates opportunities for enhanced reproduction by removing plant cover 
and reducing competition from established plants and also the increase of nutrients is a 
potential factor. Therefore, this may positively influence the establishment of tree seedlings in 
open cerrado formations. Fire also removes moribund material and old leaves, allowing more 
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light to reach the younger, photosynthetically more efficient tillers at the base of the plant. 
Moreover, plants resprouting after fire in cerrado formations often have significantly higher 
concentrations of nitrogen and minerals compared with the unburned or mechanically 
defoliated plants (Batmanian and Haridasan, 1985). However, the increase of minerals and 
nitrogen is only transitory, lasting only for the early part of the growing season (Van de Vijver 
et al., 1999). Although there is some evidence for rapid uptake of nutrients released during the 
fire or soon afterwards (Coutinho, 1982). Considering that superficial fire is more frequent in 
open landscapes due to the higher amount of combustible fuel such as grass, leaves, twigs and 
branches (Kauffmann et al., 1994; Mistry, 1998), competition is therefore less as in closed 
woodland for A. tomentosum seedlings establishment in the present study.  
 
Information of “shade” was derived from the canopy cover readings in the plots through the 
spatial smooth function (spatstat in R) and so the light availability was not measured. 
Therefore, modelling results may also be interpreted as differences in microsites which may 
have influenced the establishment of recruitment of A. tomentosum in the ecosystem. 
Characteristics of the safe sites for the successful establishment of seedlings, for instance in 
terms of water and nutrients availability is a key aspect to later understand the population 
dynamics. In general, seedling establishment of savanna tree species is favored by the absence 
of fire, up to 60% shade, low grass biomass, and increased nutrient availability in the upper 
soil layers (Salazar et al., 2012). Moreover, it has been suggested that for most plant species, 
recruitment is limited primarily by microsite availability rather than seed availability 
(Crawley, 1990). Thus, Ehrlén (1992) argued that seed limitation in plant populations has 
been underestimated.  
 
5.5 CONCLUSION 
Results of spatial analysis of tree species A. tomentosum indicated that shade effect influenced 
negatively the establishment of seedlings. This means that probabilities of finding seedlings 
increase with the decrease of shading effect. Furthermore, the distance effect of seedlings to 
seed tree was not statistically significant. Therefore, the proposed hypothesis: “shade and 
distance to conspecific adults effect influences significantly the establishment of seedlings of 
study species A. tomentosum” is declined. According to Hoffmann (1996), savanna species 
establish poorly in the dense shade forest. Therefore, low success of savanna tree in forest is 
probably due to low shade tolerance.  
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Additionally, modelling results showed that seedlings of study species showed clumping 
patterns for both study sites (highly significant interaction in modelling results).  These results 
confirm the proposed hypothesis: “seedlings of study tree species A. tomentosum show 
aggregation spatial patterns as a result of previous ecological process of seed dispersal and 
presence of vegetative reproduction. The resulted spatial distribution of A. tomentosum 
seedlings as a result of distant-dependent seed dispersal from mature trees can be assumed as 
less detectable”. A possible explanation on the spatial arrangement of seedlings of study 
species could be the vegetative reproduction which is characteristic of the A. tomentosum 
according to Fidelis et al. (2009, in: Pillar et al., 2009). Other possible phenomena could be 
the ecological process of density-dependent effect (Augspurger, 1984) and environmental 
factors (e.g. fire or soil conditions) which may affected the spatial distribution of recruitment 
of study species (Fowler, 1988; Bond and Midgley, 2001; Fidelis, 2008).  
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6. CONCLUDING DISCUSSION AND SUMMARY 
6.1  REGENERATION ECOLOGY OF QUALEA GRANDIFLORA AND 
ASPIDOSPERMA TOMENTOSUM 
The purpose of the present study was to investigate certain aspects of the regeneration 
ecology of tree species Q. grandiflora and A. tomentosum. More precisely, the main focus of 
the study dealt with seed dispersal (anemochory) and spatial patterns of mentioned study 
species. Analysis of the seed shadow for tree species Q. grandiflora consisted on estimations 
of fecundity and dispersal kernel describing dispersion of seeds surrounding the conspecific 
adult trees. Furthermore, analysis on spatial patterns of study tree species A. tomentosum and 
Q. grandiflora attained the spatial distributions and distance effects to conspecific adult trees. 
Moreover, shading effect on establishment of seedlings of A. tomentosum was evaluated. 
 
6.1.1 INFERENCES ON RELATION OF SEED DISPERSAL AND SPATIAL 
DISTRIBUTION OF RECRUITMENT OF QUALEA GRANDIFLORA 
 
Overall, the results of analysis of the seed dispersal and seedling establishment of cerrado tree 
species Q. grandiflora demonstrated: (i) isotropic model fits the observed seed dispersal better 
than the anisotropic model for study years 2015 and 2016; (ii) spatial patterns of seedlings and 
juveniles were affected by the location of conspecific adult trees (iii) an overall shift of 
intensity of seedlings with increase of growth stage in relation to distance to seed trees; (iv) 
highest intensities (m2) of seedlings (heights <50 cm) close to the conspecific adult trees and 
(v) gradual decreasing aggregation of seedlings with increase of size and clumping patterns 
for juveniles. 
 
The processes of seed dispersal and recruitment within the regeneration cycle of species are 
crucial to understand the plant population dynamics within an ecosystem (Harper, 1977; 
Schupp and Fuentes, 1995; Nathan and Muller-Landau, 2000). Seed dispersal in this sense is 
taken in a broad sense to denote the processes of movement of seeds and patterns of seed 
deposition. According to Schupp and Fuentes (1995), seeds, seedlings, and juveniles differ in 
their responses to the environment depending on the intrinsic traits such as germination 
requirements, shade tolerance, nutrient and water requirements, herbivore tolerance among 
others. Moreover, the complex interaction of environment, seed arrival, and intrinsic traits 
affects spatial patterns of population recruitment. Clearly seed dispersal patterns are critical 
components of spatial variation in plant seedling recruitment (Ribbens et al., 1994). 
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The present study reveals that the lognormal isotropic model (no directionality) fits the 
observed seed dispersal data of study species Q. grandiflora for both study years 2015 and 
2016 better than the anisotropic model (considering directionality). It has been discussed in 
several studies that modelling seed dispersal assuming directionality considering mainly the 
effect of wind can enhance and provide more realistic models of forest recruitment dynamics 
(Bullock and Clarke, 2000; Wagner et al., 2004; Wälder et al., 2009; Norghauer et al., 2011; 
Sánchez et al, 2011; van Putten et al., 2012; Schmiedel et al., 2013). However, this study 
showed that isotropic models presented a better fit model; this may be explained by probable 
regular wind distribution during the period of seed release and relative homogenous landscape 
in the surroundings of largest tree of study species (center of seed traps position). Ozinga et 
al. (2004) argued that the efficiency of wind as dispersal vector is constrained by height and 
density of the surrounding vegetation.  
 
Seed densities vary with the distance from seed trees, most common forming a leptokurtic 
distribution with a peak at or near the parent which decreases with the distance (Okubo and 
Levin, 1989). Deposition of seeds after dispersal takes place plays an important role for later 
seedling establishment. Inverse modelling of seed dispersal of study species Q. grandiflora 
revealed that lognormal distribution function was most appropriate. Moreover, Gibbs 
modelling results showed that high densities of small seedlings (< 50 cm height) were 
estimated near conspecific adult trees. According to Augspurger (1983; 1984), the amount 
and spatial pattern of seedling recruitment are influenced heavily by seed distributions 
established at the time of seed dispersal. Moreover, seed dispersal is a short termed process, 
whereas establishment of natural regeneration is a long-termed process influenced by several 
factors. In nature seed dispersal usually declines with distance from the source, whereas 
seedling establishment patterns are highly variable (Nathan and Casagrandi, 2004). 
Additionally, some of the environmental factors which influence the spatial patterns of natural 
regeneration are safe site variability (Schupp, 1995), intra- and interspecific competition 
(Gutierrez and Fuentes, 1979; Skarpe, 1991), and seedling herbivory (Hoffmann, 2000; 
Jansen et al., 2008; Hoffmann et al., 2012). Furthermore, in savanna ecosystems seedling 
establishment are highly limited by water stress, low nutrient availability and high 
temperatures (Smith and Goodman, 1986; Hoffmann, 2000).  Resources vary spatially and 
temporally and species differ in abilities to tolerate resource scarcity. Additionally, more than 
one resource may be limiting at once among microsites or safe sites or at different times for 
species growing close together (Latham, 1992).  
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Moreover, due to the importance of seed production and dispersal, plant ecologists need to 
know how many seeds a plant produces and how far these seeds are dispersed (Schurr et al., 
2008). However, fecundity of single trees is difficult to estimate. Overall findings of the 
present study showed that predicted estimates of fecundity of a single tree for study tree 
species Q. grandiflora values between 50671 to 70632 seeds for a single seed tree (DBH = 70 
cm) considering the isotropic model and lognormal distribution as density function for the 
seed densities. According to Levin et al. (2003), seed dispersion patterns depend on adult 
dispersion patterns and fecundity, and on the variation in the direction and distance of 
dispersal events. For estimating fecundity of the tree, the assumption was that the production 
of fruits was in direct relationship with the size (DBH, in cm) of the tree. Moreover, the 
importance of seed dispersal patterns is reflected in the proportion of abundance and 
distribution of recruits which depends on the pattern of seed availability (Nathan and Muller-
Landau, 2000). Fire play an important role in defining the spatial patterns of woody species in 
the savanna formation (Hoffmann, 1996; Mistry, 1998) and also has influence in the seed 
production of seed trees (Setterfield, 2002, Hoffmann, 1998). Moreover, it has been 
demonstrated in several studies that one of the main factor influencing the spatial distribution 
and densities of plants in the savanna formation is fire (Hoffmann, 1998; Hoffmann et al., 
2009). In the present study a total of 550 (heights ≤ 200 cm) seedlings per hectare of study 
species Q. grandiflora were registered. Most seedlings measured in the field presented 
vegetative reproduction by aerial sprouts after fire effect (Bond and Midgley, 2000; Medeiros 
and Miranda, 2008). According to Hoffmann et al. (2012), resprouts tend to be much larger 
than seedlings in savanna formations and therefore they dominate mostly tree dynamics.  
 
Furthermore, the aspect of post dispersal seed/seedling predation has been intensively 
discussed by Janzen (1970) and Connell (1971) hypothesis which stated that the probability of 
survival of seedlings increases with the distance to parent tree due to the host specific 
pathogens (Figure 6.1). Spatial analysis of different growth development stages for study tree 
species Q. grandiflora patterns of recruits were affected by the distance to source trees. Based 
on modelling results, small seedlings (heights up to 50 cm) densities decrease, individuals (50 
to 200 cm height) and juveniles (200 to 500 height cm) densities increase with distance to 
conspecifics as shown in Table 4.1 in chapter 4.2.3.2.  
 
Considering the regeneration process seed deposition and seedling spatial patterns, the initial 
clumped seed deposition pattern near the conspecific adults was mainly maintained and 
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coincides with the spatial patterns of small seedlings (heights < 50 cm) of study tree species 
Q. grandiflora. Furthermore, the non-random survival of seeds and seedlings resulting after 
predation of pathogens and predators can thin clumps of seeds and seedlings and produce a 
shift of spatial patterns different from the initial seed deposition and seedling establishment 
(Augspurger, 1983) to random pattern for seedlings in relation to distance to conspecifics 
adults (Janzen, 1970; Connell, 1971). The present study showed a gradual decrease of 
aggregation patterns for seedlings (up to 200 cm height) based on the results of interaction 
function provided by modelling (Table 4.1 and Figure 4.10). Hubbell (1979) argued that 
spatial pattern of seed deposition and recruitment consequences of that pattern affect the 
density and dispersion of plants in later life stages. However, to which extent the spatial 
patterns of recruitment are determined by the initial seed deposition pattern remains a 
fundamental unanswered question in ecology (Augspurger, 1983).  
 
 
 
 
Figure 6.1: Graphical model of Janzen-Connell hypothesis adapted from Janzen (1970) 
 
6.1.2  INFERENCES ON SPATIAL PATTENRS OF RECRUITMENT OF 
ASPIDOSPERMA TOMENTOSUM 
The ecology of seedling establishment of tree species A. tomentosum has not been researched 
in detail so far. Available information of the study species mainly attains aspects of phenology 
(Rezende, 2003; Tannus et al., 2006), seed and seedling morphological characteristics 
(Simões et al., 2002; Montoro, 2008), germination (Oliveira et al, 2011), spatial arrangement 
and seed dispersal mechanisms (Ishara and Maimoni-Rodella, 2010). Nevertheless, 
information on ecological aspects of environmental requirements for establishment and 
development of natural regeneration of study species is rare. Results regarding the analysis of 
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establishment of natural regeneration of study species A. tomentosum demonstrated that: (i) 
seedlings (up to 200 cm height) present an aggregated pattern and, (ii) shading has a 
significant statistical effect on the establishment of recruitment, whereas distance effect to 
seed tree is not significant. 
 
Clumping patterns and negative shade effect on establishment of recruitment might be a 
consequence of regular fire occurrences in the cerrado formation. In this sense, considering 
the adaptive attribute of study species A. tomentosum to develop underground structures and 
resprout after fire events. Consequently, seedlings of savanna formations enhance water 
uptake through he specialization of the root system, which allows them to forage more 
efficiently in deeper soil layers, where more water is available (Engelbrecht et al., 2005). 
Additionally, clumping patterns under low shade conditions are possibly related to the 
availability of safe sites or root competition aspects. Safe sites in savanna ecosystems are 
mainly determined by certain environmental factors which constraint the development and 
growth of seedlings, such as high temperature, drought stress, high light stress, low nutrient 
availability, frequent fire, and competition with grasses typical of savannas (Hoffmann, 2000). 
Competition refers in this sense to the underground competition with grass as it is the case in 
open cerrado formations. According to Skarpe (1992), grass roots are restricted to the surface 
soil, whereas woody species can utilize both soil layers, but are potentially outcompete by 
grasses in the surface soil. However, once the woody species reach deeper layers they have 
total access to water resource. Hoffman et al. (2004) argued that savanna species in general 
establish poorly in dense shade of forest. An explanation for this statement is the ability of 
plants in savanna formations to adapt to harsh conditions mentioned before and therefore they 
developed complex root systems such as tubers, xylopodia, lignotubers among other 
underground structures as presents the study species (Pillar et al., 2009). On the other hand, 
establishment of seedlings under shade conditions may lead to underground and aboveground 
competition for soil water and nutrients which could lead to low establishment success of 
woody species (Holmgren et al., 1997).  
 
6.2 MANAGEMENT IMPLICATIONS FOR QUALEA GRANDIFLORA AND 
ASPIDOSPERMA TOMENTOSUM 
Spatial ecology is based mainly on the premise that there are strong links between ecological 
pattern and ecological function and processes (Gustafson, 1998). In this sense, seed dispersal 
and spatial distribution of recruitment are ecological aspects which determine the plant 
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dynamics in the ecosystem and are important to attain further management conservation 
strategies in the cerrado ecosystem. The study results presented relevant and new information 
on seed production, deposited seed densities and dispersal distances as a result of 
transportations by wind for Q. grandiflora. Overall, by analyzing spatial information on study 
tree species Q. grandiflora, it can be derived critical distances between seed trees and seed 
densities depositions (MDD values) and recruitment. The resulting distances of dispersed 
seeds (MDD values ranging from10.69 and 62.48 m) need to be considered to ensure a 
successful reproduction of study species within the cerrado formation. Based on the 
information of seed production by seed trees of tree species Q. grandiflora, a management 
technique which should be considered is the minimum amount of seed trees per unit area in 
order to guarantee successful recruitment. Guariguata and Pinard (1998) stated that the 
information on number of seed trees retained in the area depends as well on the size and tree 
diameter at reproduction stage. However, in practice the maximization of seed input in the 
area in most cases is a difficult task to fulfill. Furthermore, biological constraints for 
assurance of adequate seed supply in the area can be overcome by monitoring and 
maintaining seed trees presenting optimal attributes which directly influence the tree’s seed 
crop. Attributes such as trunk size and form, and crown size are considered to be relevant as 
qualitative predictors of seed crop quality (Chapman et al., 1992). The quantification of seed 
dispersal is of fundamental importance in developing and understanding the population 
biology of plants, and of the dynamics of plant communities (Harper, 1977).   
 
Moreover, spatial pattern analysis of study species Q. grandiflora revealed a distance effect of 
seedlings and juveniles to conspecific adult trees (Table 4.1). Therefore, a proper management 
technique of the study species Q. grandiflora could be the avoidance of fragmentation of the 
cerrado landscape due to optimal fire management. Fire is one relevant factor which affects 
all stages of the regeneration cycle of species in the cerrado ecosystems (e.g. Coutinho, 1977; 
Mistry, 1998; Hoffmann et al., 2003; Nardoto et al., 2006; Medeiros and Miranda, 2008; 
Hoffmann et al., 2009; Lopes et al., 2009; Palermo and Miranda, 2012).  
 
Results of the present study also demonstrated that A. tomentosum seedlings presented a 
clumping pattern. Management of clumped seedlings of study species are in close relation 
with fire management. In this sense, preventing fire in regions were high densities of patches 
of recruitment are present may enhance the successful establishment of seedlings. Moreover, 
plants producing a clumping pattern should produce seeds and seedlings well defended by 
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allelochemicals, lignification, or mechanical protection against agents of density-dependent 
seed and seedling mortality (Howe, 1989). Additionally, seedlings which occur in clumps 
may also have well-developed capacity for natural sprouting (Keeley and Zedler, 1978). 
 
Model results for A. tomentosum showed that shading effect resulted to be a significant factor 
for the establishment of seedlings in the present study. Despite studies showing shading effect 
as a positive influence on recruitment (Maguire and Forman, 1983; Hoffmann, 1996; 1999; 
Setterfield, 2002; Camarero et al., 2005), the present study indicated increasing offspring with 
decrease of shade effect for study tree species A. tomentosum. Management practices for 
seedlings developing better under open landscape is by implementing prescribed fires to avoid 
forest succession and maintain the cerrado vegetation properties throughout time (Hoffmann 
et al., 2009). 
 
Fire regime (intensity, frequency and season) has an important role in all regeneration stages 
of the study tree species. In this regard, cerrado tree species may react differently to fire 
frequencies considering the different adaptation features that may allow species to cope or not 
with long-term changes in fire frequency (Hoffmann, 1999). Moreover, it has also been 
demonstrated that high frequent burnings prevent the establishment of tree species recruitment 
(Pivello, 2011). Setterfield (2002) demonstrated that the fire regime may influence availability 
of microsites for establishment. Furthermore, fire regimes in the cerrado exert considerable 
control over the proportion of woody and herbaceous plants, tending to favor herbaceous 
plants at expense of woody plants (Moreira, 2000). Sato et al. (1998) reported a mortality of 
37.8% for cerrado woody plants after three cycles of prescribed fires (every 2 years) at the 
end of the dry season. Hoffmann (1999) stated that fire intensity may affect as well mortality 
and reproduction, since more intense fires result in more topkill of tree species. Additionally, 
the season of burning can be important, because it affects the fire intensity (Glitzenstein et al. 
1995), but also has influence on phonological events such as flush and reproduction 
(Setterfield, 2002). Therefore, effective fire management is a key aspect to attain conservation 
of study species in the ecosystem.  
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6.3 FUTURE RESEARCH 
The present study presents first insights on the ecological aspects of seed dispersal and natural 
regeneration establishment of cerrado tree species Q. grandiflora and A. tomentosum. 
Information on seed distance from source trees and seed production of a single tree as well as 
spatial distribution of individuals of tree species Q. grandiflora is provided in the study. 
Furthermore, spatial analysis results of natural regeneration of A. tomentosum are also 
presented.  
 
Regarding research on seed dispersal, distances, seed densities depositions and directionality 
are aspects so far not approached in science for woody species of cerrado formations. 
Information on MDD of seeds for tree species Q. grandiflorais presented. However, a future 
research need is the collection of better data on long-distance seed dispersal, considering the 
fact that modelling the tail of the dispersal curve can be a difficult task and extreme 
challenging (Cain et al., 2000). Moreover, considering the interannual variations in seed 
production of tree species may yield also different modelling results, it is recommended to 
analyze seed dispersal over longer time scales. Post-dispersal events of seed predation may 
critically reduce seedling recruitment in populations that are limited by availability of seeds 
(Dalling et al., 2002). Moreover, the isotropic model of seed dispersal of study tree species 
revealed that seed production was estimated between 50671 to 70632 seeds (DBH = 70 cm). 
An important contribution to the present study would be to analyze in the field the amount of 
diaspores by direct counting to compare to present results. 
 
Findings of the present study revealed that establishment of seedlings of cerrado species A. 
tomentosum are influenced directly by the environmental factor shade. Seedling establishment 
are influenced by several environmental factors in cerrado formations, such as water stress, 
temperature, fire events, nutrient availability among others (Skarpe, 1991; Hoffmann et al., 
2004). Moreover, Hoffmann (1996) argued that establishment of seedlings under natural 
conditions has long been an enigma of cerrado ecology. Several studies have shown that seeds 
of cerrado species have high viability and germinate well under laboratory conditions 
(Barbosa et al., 1999; Moreira and Klink, 2000; Ferreira et al., 2001; Pereira et al., 2011; Bilio 
et al., 2013; Ribeiro and Borghetti, 2014), whereas so far scarce studies dealt with species 
reproduction under field conditions (Rizzini, 1965). Therefore, seedling establishment and 
regeneration studies of cerrado species are indeed needed to promote the understanding of the 
dynamics of species and contribute to improved management plans.  
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Overall, a more complete understanding of how seed dispersal and establishment of seedlings 
of study species Q. grandiflora and A. tomentosum contribute to recruitment limitation, 
considering safe sites conditions and environmental factors should be analyzed. Salazar et al. 
(2012), showed that cerrado woody plants are strongly seed- limited because of low and poor 
distribution of seeds among sites. Moreover, detailed description of the microsite 
characteristics in which the study woody species grow would definitely contribute to a more 
comprehensible understanding of recruitment of these species. 
 
6.4 CONCLUDING SUMMARY 
Understanding of the diverse aspects affecting the regeneration ecology of species is crucial to 
make decisions regarding management and conservation strategies, especially in highly 
fragile and threatened ecosystem as the Neotropical savanna (cerrado) formations. Available 
knowledge of regeneration ecology of cerrado species is too limited to attain optimal or 
suitable management actions. The objectives of the present study were: i) analysis of the 
characteristic parameters of the anemochorous seed dispersal of study species Q. grandiflora, 
(ii) determine the spatial distribution of tree species Q. grandiflora for growth stages 
(seedlings to juveniles) and interrelations between the stages, and (iii) determining variables 
of the spatial distribution of recruitment of tree species A. tomentosum. 
 
The present study was conducted in the cerrado Aguara Ñu of the Mbaracayú Nature Forest 
Reserve located in the northeast of Paraguay. The cerrado Aguara Ñu is part of the 
Mbaracayú Biosphere Reserve and represents one of the most important ecoregions in the 
world, the cerrado ecosystem. The cerrado biome encompasses areas from northeastern to 
southwestern Brazil, eastern Bolivia, and northern Paraguay. It is characterized by the 
presence of high plant and animal biodiversity and also high endemism (Myers et al., 2000). 
Tree species Q. grandiflora and A. tomentosum are typical species of the cerrado formation.  
 
Based on the selected investigated regeneration cycle stages of study tree species Q. 
grandiflora and A. tomentosum, the present thesis describes the spatial analysis of recruitment 
of both study species and the anemochorous diaspore dispersal of tree species Q. grandiflora. 
The purpose of the present investigation is to address regeneration aspects not attained so far 
as certain seed dispersal aspects, such as seed densities and distances from conspecific adult 
trees and spatial arrangements of seedlings of species A. tomentosum. Results of the present 
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study aim to contribute to existing information and at the same time provide new knowledge 
on ecological aspects so far not investigated.  
 
Research results on seed dispersal of tree species Q. grandiflora revealed that dispersal can be 
modeled by inverse modelling considering isotropy and lognormal density function presenting 
mean dispersal distances of 10.69 to 62.48 m. Estimations of the fruit production of a seed 
tree yielded a total 50671 to 70632 (DBH = 70 cm). Results of spatial arrangement of 
seedlings and juveniles revealed a significant distance effect to conspecific adult trees. 
Moreover, results also showed: (i) highest densities or intensities (m2) of seedlings (heights 
<50 cm) close to the conspecific adult trees and (ii) a shift of intensity of seedlings with 
increase of growth stage or size for tree species Q. grandiflora. Additionally, seedlings (up to 
200 cm height) of study species Q. grandiflora indicated gradual decreasing clumping 
patterns and juveniles (200 – 500 cm height) presented clumping patterns.  
 
Modelling results of spatial patterns of seedlings (heights ≤ 200 cm) of study tree species A. 
tomentosum revealed aggregation patterns. Moreover, shade effect resulted to be a statistical 
significant factor for the establishment of seedlings of tree species A. tomentosum (p-value = 
0.0266), whereas distance effect to seed tree resulted not significant (p-value= 0.4936). 
 
Considering the findings of seed dispersal and spatial patterns analysis of tree species Q. 
grandiflora and A. tomentosum some management aspects to be attained for conservation 
purposes are avoiding fragmentation of the ecosystem, management of the spatial and time 
fire frequency and maintain minimum amount of seed trees per unit area in order to guarantee 
successful recruitment. 
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Appendix 7.1 Cover percentage scale for canopy cover readings adapted by Paine (1981) 
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